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Abstract 
Spatial and topological features of urban road networks have been observed variously in 
the past. No previous study, however, has investigated and compared an extensive data set 
from cities all over the world regarding their network properties. In this work, respectively 
20 large cities from 5 continents and Germany are analyzed. In the process, node degree, 
link length, shortest paths, detour index as well as measures for rectangularity are used to 
characterize and to di5erentiate the networks. While most networks properties are quite 
diverse from continent to continent, the detour index as a measure of e8ciency shows 
remarkable similarities and homogeneity over all regions, independent of their spatial net-
work structure. It is shown that in some cities this e8ciency is mainly sustained by a sub-
network of major roads, while in others it relies on a balance between minor and major 
roads. Rectangularity in all regions is shown to be predominant in the structure of minor 
road subnetworks, while it is shown that this feature is not trivially connected to the node 
degree. 
 
Räumliche und topogra<sche Eigenscha=en urbaner Straßennetzwerke sind in der Ver-
gangenheit vielfältig untersucht wurden. Keine der bisherigen Studien hat jedoch eine um-
fassende Anzahl weltweiter Städte auf ihre Netzwerkeigenscha=en untersucht. In dieser 
Arbeit werden jeweils 20 Großstädte aus 5 Kontinenten analysiert. Knotengrad, Kanten-
längen, kürzeste Pfade, Detour Index sowie die Rechtwinkligkeit werden schri
weise un-
tersucht, um die Netzwerke zu charakterisieren und voneinander zu di5erenzieren. Wäh-
rend die meisten Netzwerkmaße große Unterschiede von Kontinent zu Kontinent aufwei-
sen, lassen sich beim Detour Index, welcher ein Maß für die E8zienz im Netzwerk dient, 
bemerkenswerte Gemeinsamkeiten in allen Regionen unabhängig von der räumlichen 
Netzwerkstruktur feststellen. Es wird gezeigt, dass die E8zienz in einigen Städten haupt-
sächlich durch ein Teilnetz von Hauptstraßen getragen wird, während sie anderswo auf 
einer Balance zwischen Haupt- und Nebenstraßen beruht. Vor allem in der Struktur von 
Nebenstraßennetzwerken kann Rechtwinkligkeit festgestellt werden, während gleichzei-
tig wird, dass letztere in keinem trivialen Zusammenhang mit dem Knotengrad steht.  
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Chapter 1 Introduction 
Recent research on networks along with the rapid development of computing capacities 
have enabled more possibilities to study large, spatially embedded complex networks. Over 
the last years, a large amount of publications demonstrates the interest of many scientists 
in this <eld and emphasizes the importance of the subject.  
While already in the 18th century, the practical problems were <rst veri<able solved with 
basic means of today’s graph theory (Biggs et al. 1998), graph theory itself originated in 
the work of Cayley (1857) and is still basis for all present research on networks. 
A=er the fundamental work of Erdős and Rényi (1959) regarding random networks, the 
research was focused on the la
er, e.g. Erdős and Rényi (1964), Stepanov (1969) and Palásti 
(1971). With computers becoming capable of handling increasing amounts of data, studies 
on real-world networks renewed the interest in this ma
er, for instance Wa
s and Strogatz 
(1998) as well as Barabási and Albert (1999). 
Barthélemy (2011) took his impression, that most of these studies did not concentrate 
enough on spatial features as motivation to address these aspects in detail. Almost simul-
taneously, Chan et al. (2011) were the <rst to explicitly study spatial and geometric features 
of the 21 largest German cities and point out, that the geometry of all cities is quite similar. 
His in turn was picked up by Wiedermann (2012) to compare network properties of large 
American and European cities. It is pointed out, that certain spatial features may be very 
distinct for road networks and some networks in particular regions share similar results 
for some of the features. His suggests that a di5erentiation between those regions may 
well be possible by identifying distinct key properties.  
Yet before, Buhl et al. (2006) analyzed aspects of some smaller cities around the world that 
share the characteristic of a decentralized building process, i.e. in particular no cities that 
follow certain pa
erns or such that were planned centrally. 
He network properties of 10 European cities have been studied by Strano et al. (2013) with 
focus on centrality measures. Based on that, they were able to classify the cities and show 
similarities within the clusters. 
Gudmundsson and Mohajeri (2013) immersed into measures for the orientation of streets 
and street length variations of 41 street networks in Britain. Hey determine the entropy 
of these properties and discuss di5erences in the spread of the orientation and the spread 
of street lengths. 
A thorough study of the street network pa
ern of New York city was conducted by Louf 
and Barthelemy (2014). Hey focus on microstructures within the city’s network, namely 
the properties of blocks in the individual boroughs of the city and study di5erent pa
erns 
of several neighborhoods. 
He statistics of blocks were also analyzed by Barthelemy (2015), along with shortest and 
simplest path. He average ratio between the la
er measures is introduced as the simplicity 
index. His concept is applied to biological and transport networks. It is highlighted, that 
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there is a clear hierarchy in the lengths of biological networks, while in transport networks 
the distribution is rather random. 
He interaction of multiple, overlying networks, named “Multiplex networks”, was studied 
by Strano et al. (2015). For this purpose, the street networks of New York City and London 
were coupled with the subway network of each city. He analysis shows, that the networks’ 
measures are dependent and inXuence features of the respective other subnetwork. 
However, to this point, no study has been made to analyze a broad set of urban road net-
works of large cities from all over the world. It has been le= open so far to compare these 
data sets regarding di5erent spatial and topological aspects. He absence of such evalua-
tions is motivation for this study. 
He data that is used for this purpose is gathered from OpenStreetMap, an open source 
map project that is based on voluntary work by the internet community (Haklay and We-
ber 2008). 
When studying the maps of di5erent cities, like the examples in Figure 1.1, di5erences 
regarding their layout can easily be observed. For example, one discovers that Chicago, 
USA, seems to have a well-organized structure, based on almost perfect rectangles (Figure 
1.1 b). Here appears to be a raster of small roads (thin, grey colored roads), above which, 
on a larger scale, a superordinate layer of roads (yellow) is implemented and another su-
perordinate layer of roads on top of that (orange); hence, in sum 3 layers. Only a few major 
roads (red) di5er from this pa
ern, one along the coast of Lake Michigan and some along 
the Chicago River, but only very few throughout remaining urban area. In contrast, Mu-
nich, Germany, shows a structure, where some of the roads are aligned roughly circular 
around the city’s center. Here is no recognizable pa
ern, but rather a non-rectangular, 
random construction of roads. 
Figure 1.1: Map extracts of Munich (Germany) (a) and Chicago (USA) (b) with identical dimensions (approx. 8 km x 8 km) 
and scale (1:150000), exemplary for a European and an Anglo American city respectively. *e road networks show clear 
structural dissimilarities, with the layout of Munich being seemingly random and that of Chicago predominantly rectangular. 
(Source: h+p://www.openstreetmap.org/)  
(a) (b) 
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Hese di5erences need to be quanti<ed and possibly classi<ed when a large number of 
networks is compared. In addition to the obvious constructional dissimilarities, one can 
also raise the question whether one or another network layout might have advantages in 
terms of e8ciency. Herefore, in this study, the aim is to <nd both universal and di5eren-
tiating spatial and topological features of urban road networks of cities in di5erent regions 
and with di5erent size. Also, a quanti<cation of the importance of major roads regarding 
the e8ciency of the networks by removing certain road types (e.g. major roads or minor 
roads) and observing changes to their properties is a goal. 
Complex network theory as a powerful instrument helps to understand such systems. It 
allows revealing distinct structures and helps quantifying geometric and spatial features 
of road networks. By means of complex networks it is possible to bring these structures to 
scalable measures and consequently compare di5erent networks among each other. Here-
fore, from each of the 6 continents1, except Australia, the 20 largest cities by population 
are analyzed respectively. He top 20 largest cities of Germany shall serve as an additional 
data set and adds to the range of the observed regions. His set picks up, where previous 
studies le= (Chan et al. 2011) and it includes some cities on a smaller scale. It shall be 
pointed out, that due to the inclusion of Germany, the data sets in the course of this exam-
ination are mostly referred to as ‘regions’ instead of ‘continents’. 
Chapter 2 introduces methods that are used to analyze and compare the networks are in-
troduced. A=er that insight is given into the data that is used, including structural and 
qualitative aspects. Furthermore, all steps that are taken to preprocess the data are ex-
plained. Following, in Chapter 3, the results from the analysis are presented, the road net-
works of cities and continents are compared among each other and an interpretation on 
all <ndings is given. Finally, in Chapter 4, a conclusion of the <ndings from this examina-
tion is drawn. In addition, some outlook is given on possible future research regarding 
unse
led problems and questions beyond this study. 
 
 
                                                 
1 See 2.3.1 for an exception made to the American continents, as it is split-up into Anglo America and Latin 
America. 
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Chapter 2 Preliminaries 
In this chapter, the mathematical and statistical foundations of the study are presented. A 
short introduction to complex networks is given. A=erwards, it is described how underly-
ing data for the examination is gathered and processed, in order to apply computations for 
obtaining the networks measures. Lastly, it is described, how the networks are modi<ed to 
gain information regarding the network e8ciency. 
2.1 Complex Networks 
He mathematical basis of each network is a graph  which describes a pair of sets of 
vertices 	 and edges 
. Every edge describes a connection between two vertices, so that 
 
is a subset of 	 of ordered pairs of 	 (Boccale
i et al. 2006; Reichardt 2009). 
Strogatz (2001) and Newman (2003) gave a general overview on complex networks. But 
there are also numerous examples of physical and virtual networks, that can and have been 
studied over the past, e.g. food webs (Cohen et al. 1990; Dunne et al. 2002), the internet 
(Deutsch et al. 2008; Doyle et al. 2005), <nancial markets (Huang et al. 2009; Boss et al. 
2004) or power grids (Albert et al. 2004; Arianos et al. 2009) among many others.  
All of them commonly aim to identify and analyze unifying structures of the networks. 
O=en, they aim to gain knowledge of the behavior of certain structures in order to be able 
to anticipate e5ects of certain impacts or to apply their <ndings to other networks. (Huang 
et al. 2009) Again others, try to compare di5erent types of networks and their properties 
in order to <nd advantages or disadvantages in the complex network structures, as it is 
done in this examination (Albert et al. 2000). 
An exemplary complex network is pictured in Figure 2.1. He numbered circles denote 
nodes, while the connections between the nodes are links. He numbers on the links rep-
resent weights, which in practice could be distances, costs (e.g. for transporting goods) or 
travel times. For this example, the number shall represent the geodesic distance between a 
pair of nodes in meters (not true to scale). In the following section, it is referred to this 
<gure in order to give a visualization of each network measure.  
Figure 2.1: An exemplary complex network with a given set of numbered nodes and links with weights. 
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2.2 Network Characteristics 
For each city, a network  = (	, 
) with sets of nodes 	 and links 
 is given. He number 
of nodes and links is de<ned as  = |	| and  = |
| respectively. He network  is rep-
resented by the adjacency matrix  with  =  1,  ,  ∈ 
 0,  ,  ∉ 
. (2.1)  is symmetric, as the networks are de<ned to be undirected. 
Each node is assigned a position #$(%$ , &$) on the surface of the earth according to the 
Geodetic reference system (Moritz 1980). 
In Figure 2.1, there are 8 nodes that are connected by 11 links, hence  = 8 and  = 11. 
He adjacency matrix is de<ned as  
 =  
()
)))
*0 1 01 0 10 1 0 0 10 10 0 0 0 00 0 01 0 00 0 01 1 0 0 00 0 0 1 01 1 10 0 10 0 00 0 0 0 11 10 1 0 0 10 0 11 1 0+,
,,,
- 
 
2.2.1 Node Degree 
He number of links that connect one node . ∈ 	 to other nodes  ∈ 	 through links ,  ∈ 
 is called node degree /: / = 0 ∈1  (2.2) 
In this network analysis, besides the node degree distribution, the arithmetic mean of the 
node degree for each city is measured as 〈/〉 = 1 0 /∈1 . (2.3) 
Further, the mean node degree over all cities of a region, weighted by the total number of 
nodes in each city (indicated by the superscripted .) is compared: /444 = 〈〈/〉〉56 . (2.4) 
Finally, the mean standard deviation from the mean node degree over all cities of a region, 
weighted by the number of nodes in each city, is observed:  7〈86〉444444 = 〈7〈86〉〉56 . (2.5) 
He mean or in context of this work, average node degree is greater than 3, since an inter-
section must have at least 3 adjacent links to be de<ned as such. If the average node degree 
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of an observed city is close to 3, one cannot expect it to have a predominantly rectangular 
layout. A higher node degree, that tends toward 4 can either suggest a network with a 
rather rectangular structure or indicate the existence of many large intersections with de-
gree 5 or even greater. 
He distribution of the node degree for each city will o5er more valuable clues on the 
tendency towards rectangular structures, but their existence can more likely be proven 
with distinct network measures regarding the rectangularity as they are introduced in Sec-
tion 2.2.5.  
In Figure 2.1, the node degree for node 1 is /. = 3, since it has three adjacent links. He 
mean node degree for the entire network is 〈/.〉 = 18 × 22 = 2.75. 
2.2.2 Link Length 
He link length describes the distance between two nodes in a network. Applied to the 
road networks, this is the geodesic distance between two road intersections. As the Earth 
is a globe, and the locations of the nodes is given in longitude and latitude, the distances 
are measured with the great circle distance, as this gives more accurate results, especially 
when comparing cities in di5erent degrees of latitude. 
Herefore, a=er converting longitude and latitude from decimal degrees to radians, the link 
length between two nodes ,  is calculated as the great circle distance: = = arccosCsin % ∙ sin % + cos % ∙ cos(∆&)I (2.6) 
with % referring to the respective latitude and ∆& to the longitude di5erence of the nodes 
(in radians). 
He link length J corresponds to the arc length on the surface of the Earth, which is 
calculated by multiplying the result with the radius K of the earth. For all calculations, the radius is assumed to be 6371 km (Moritz 1980): J = K ∆7. (2.7) 
He arithmetic mean of all link lengths for each city is calculated as 〈J〉 = 1 0 J∈Z . (2.8) 
Analog to the node degree, the mean link length over all cities of a region, weighted by the 
number of links in each city, is determined: J ̅ = 〈〈J〉〉5\ . 
(2.9) 
And again, the mean standard deviation, weighted by the number of links in the respective 
cities is measured: 7〈〉4444 = 〈7〈〉〉5\ . (2.10) 
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J is expected to behave di5erently on each continent or in certain regions, as the con-
structional layout of urban road networks likely depends to cultural, historical, climatic 
and other inXuences (Xie and Levinson 2009; Strano et al. 2012). Hus, di5erent average 
edge lengths may allow distinct characterizations of cities as being part of particular re-
gions on the planet. 
Furthermore, the distribution (J) of all link lengths is analyzed. Hey are expected to 
show indications regarding the structure of the road networks. Within cities with rectan-
gular structures, one will most likely observe major peaks, which should emerge at the 
length of the rectangles’ edges. It is also assumed, that link lengths are greater for major 
roads, which will be investigated in Section 3.2.2. 
He link lengths in the example in Figure 2.1 are given by the weights, e.g. J0 1 = 6. He 
mean link length is 〈J〉 = 111 × 57 = 5.18. 
2.2.3 Shortest Path Length 
An important measure in spatially embedded networks, especially transportation net-
works is the shortest path length between two nodes (Barthelemy 2015). Here, unweighted 
and weighted shortest paths can be distinguished. Unweighted paths describe the number 
of links that are passed on the shortest path between two nodes. Hey are sometimes also 
referred to as simplest paths (Viana et al. 2013). In contrast, shortest weighted paths take 
the length of the links into consideration and provide the shortest possible distance along 
links between a pair of nodes (Newman 2001). Hence, shortest unweighted and shortest 
weighted paths can be very di5erent in road networks. In this study, the Dijkstra Algo-
rithm is applied in order to compute the shortest paths (Dijkstra 1959). 
He shortest weighted path length is o=en referred to as transport distance =] in transport 
networks (Rodrigue et al. 2013). In the framework of this study, however, it is preferably 
the terms ‘min ^_ℎ’ for the unweighted, and ‘min ^_ℎ’ for the weighted paths 
(weighted by link lengths J) are used. 
An exemplary shortest unweighted path for the pair of nodes (0, 5) in Figure 2.1 would be 
along the nodes (0-4-5) since only 2 links are passed on the way from 0 to 5. However, this 
does not represent the shortest weighted path, as the length along the path (0-1-2-5) in 
sum is only 13, compared to the length of 14 for (0-4-5). 
2.2.4 Detour Index 
For comparing the road networks in terms of spatial e8ciency, the detour index as de<ned 
by Rodrigue et al. (2013) is computed for each city. He detour index is measured between 
each possible pair of nodes in a network, pu
ing their linear or direct geodesic distance = 
in relation to the shortest weighted path length, =] = min ^_ℎ . For a given pair of nodes ,  the detour index is calculated as =a = ==] . (2.11) 
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He linear distance = is measured analog to the – in this case virtual – geodesic link length 
between two nodes as in chapter 2.2.2. He shortest weighted path =] is obtained as de-
scribed in Chapter 2.2.3. 
To compare di5erent cities, the mean detour index is calculated as 〈=a〉 =  2( − 1) 0 =a,∈1    ∀  ≠  (2.12) 
with the fraction referring to the number of possible combinations of two di5erent nodes 
in the network. He nodes must be connected to each other in order to compute the detour 
index. 
He mean detour index over all cities of a region is determined as, weighted over the num-
ber of nodes in the respective networks: =a444 = 〈〈=a〉〉56 . 
(2.13) 
For mean standard deviation it holds 7〈ef〉444444 = 〈7〈ef〉〉56 . (2.14) 
Suppose, in the example in Figure 2.1 the geodesic distance between the pair of nodes (0, 
3) is given as = = 4. He shortest weighted path is along the nodes (0, 4, 6, 3) with 16. 
Hence, the detour index is calculated as 
hij = 0.25.  
2.2.5 Rectangularity 
Link Angles 
In order to prove the existence of rectangular structures, that may be suggested by certain 
node degree and link length distributions, the angles  between adjacent links of a node 
are measured. As proposed by Chan et al. (2011), kl(.) is de<ned to be the set of links that 
connect to a particular node . ∈ 	 within the network. He angle between a link m ∈ kl(.) 
and its right neighbor mn ∈ kl(.) is de<ned as link angle ,o, with all angles complying 
with 0 ,oo∈pq() = 2r. (2.15) 
He number of angles in each network can be determined by the number of nodes in a city 
and the respective mean node degree: s =  〈/〉. (2.16) 
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Rectangularity Parameter ,o 
To quantify and compare rectangularity, the proposed statistical procedure of Chan et al. 
(2011) is referred to again. For all angles, the normalized minimum absolute deviation from 
right angles is calculated ,o = 4r min8∈ℤ u,o − /2 ruv, (2.17) 
and thereupon the distribution of all  within a network is observed. Values of  can range 
between 0 and 1. He lower the value, the more the angle tends towards 90° or a multiple 
of it, which indicates rectangularity. Values closer to 1 imply, that the angle is ‘opposite’ 
of being rectangular, i.e. nearer to 45°, 135°, 225° or 315°. Consequently, the more rectan-
gular the structures in the network are, the more right-skewed is the distribution of ,o. 
Also, the mean value of  for each network over all angles is examined in order to make 
the cities comparable among each other: 〈〉 = 1s 0 0 ,oo∈pq()∈1  (2.18) 
Again, lower values of 〈〉 indicate more rectangularity, higher values the absence of rec-
tangular structures. 
He mean value over all cities of a region weighted by the total numbers of angles in a city 
is calculated as ̅ = 〈〈〉〉5w . 
(2.19) 
He mean standard deviation for 〈〉, weighted by the number of angles in the respective 
cities is 7〈x〉44444 = 〈7〈x〉〉5w . (2.20) 
Rectangularity Parameter  2,o 
As another measure for rectangularity, the parameter cos 2,o for each angle is deter-
mined (Chan et al. 2011). It holds, that 
cos 2,o y= 1    if θ = /2 r, / ∈ ℤ≠ 1    if θ ≠ /2 r, / ∈ ℤ 
(2.21) 
and therefore 〈cos 2,o〉 = 1 in a perfectly rectangular network. He more rectangular 
the entire spatial embedding of the network is, the more le=-skewed is the distribution of 
this parameter. 
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He mean is calculated as 〈cos 2〉 = 1s 0 0 cos 2,oo∈pq()∈1 . (2.22) 
He mean over all cities of a region is de<ned as cos 24444444444 = 〈〈cos 2〉〉5w , 
(2.23) 
and the mean standard deviation of 〈cos 2〉 7〈|}~ s〉44444444444 = 〈7〈|}~ s〉〉5w . (2.24) 
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2.3 Data 
2.3.1 Data Source and Analyzed Cities 
He network data that is used for computing the results of this study is based on Open-
StreetMap (OSM) which is an open source map project by the OpenStreetMap Foundation 
(OSMF), available for free under the Open Database License (OpenStreetMap contributors). 
Since only fragments of the data is actually needed for processing, in particular that from 
the examined cities, Metro Extracts from Mapzen has been used to gather the respective 
map <les of each city (Mapzen 2016). 
Table 2.1: Top 20 cities with number of inhabitants of the respective regions that are analyzed in this study, in descending 
order by population. Black dots (•) indicate cities with major natural barriers that could be observed by studying the OSM maps, which 
is referred to in Sections 3.1.3 and 3.2.3 regarding network e6ciency. 
 Europe Anglo America Latin America Asia Africa Germany 
1 Istanbul • 
14 377 018 
New York City • 
8 491 079 
São Paulo • 
11 895 893 
Shanghai • 
24 256 800 
Lagos • 
13 123 000 
Berlin 
3 469 849 
2 Moscow 
12 197 596 
Los Angeles • 
3 928 864 
Mexico City 
8 851 080 
Beijing 
21 516 000 
Kinshasa 
11 587 000 
Hamburg • 
1 762 791 
3 London • 
8 416 535 
Toronto 
2 615 060 
Lima 
8 755 262 
Delhi 
21 324 000 
Cairo • 
6 758 581 
Munich 
1 429 584 
4 Saint Petersburg • 
5 191 690 
Chicago 
2 722 389 
Bogotá 
7 760 451 
Karachi • 
15 000 000 
Luanda 
6 500 000 
Cologne • 
1 046 680 
5 Berlin 
3 562 166 
Houston 
2 239 558 
Rio de Janeiro 
6 453 682 
Tokyo • 
13 297 629 
Khartoum 
5 274 321 
Frankfurt • 
717 624 
6 Madrid 
3 165 235 
Montreal • 
1 649 519 
Santiago 
5 452 548 
Mumbai 
12 478 447 
Abidjan • 
4 707 404 
Stu
gart 
612 441 
7 Rome 
2 874 038 
Philadelphia • 
1 560 297 
Caracas 
3 273 863 
Shenzhen 
10 467 400 
Johannesburg 
4 400 000 
Düsseldorf • 
604 527 
8 Kyiv • 
2 848 597 
Phoenix 
1 537 058 
Buenos Aires 
3 049 229 
Jakarta 
10 075 310 
Dar es Salaam 
4 364 541 
Dortmund 
580 511 
9 Paris • 
2 241 346 
San Antonio 
1 436 697 
Salvador 
2 902 927 
Seoul • 
10 048 850 
Alexandria 
4 123 869 
Essen 
573 784 
10 Minsk 
1 949 400 
San Diego 
1 381 069 
Brasília 
2 852 372 
Guangzhou • 
12 700 800 
Cape Town 
3 700 000 
Bremen • 
551 767 
11 Bucharest 
1 924 425 
Dallas 
1 281 047 
Fortaleza 
2 571 896 
Lahore 
6 318 745 
Casablanca 
3 615 903 
Leipzig 
544 479 
12 Vienna • 
1 805 681 
Calgary • 
1 096 833 
Guayaquil • 
2 560 505 
Bengaluru 
8 425 970 
Dakar 
3 520 000 
Dresden • 
536 308 
13 Hamburg • 
1 762 791 
San Jose 
1 015 785 
Lito 
2 505 344 
Bangkok 
8 280 925 
Durban 
3 400 000 
Hanover 
523 642 
14 Budapest • 
1 754 000 
O
awa • 
883 391 
Belo Horizonte 
2 491 109 
Ho Chi Minh City • 
8 224 400 
Kano 
3 375 000 
Nuremberg 
501 072 
15 Warsaw • 
1 735 442 
Austin 
912 791 
Medellín 
2 410 765 
Dongguan • 
8 220 207 
Addis Ababa 
3 238 000 
Duisburg • 
485 465 
16 Barcelona 
1 602 386 
Edmonton 
812 201 
Cali 
2 308 112 
Chongqing • 
8 189 800 
Ekurhuleni 
3 200 000 
Bochum 
361 876 
17 Kharkiv 
1 431 565 
Jacksonville • 
853 382 
Havana 
2 106 146 
Nanjing • 
8 187 828 
Nairobi 
3 138 295 
Wuppertal 
345 425 
18 Munich 
1 429 584 
San Francisco 
852 469 
Manaus 
2 020 301 
Tehran 
8 154 051 
Giza • 
3 087 878 
Bielefeld 
329 782 
19 Milan 
1 339 975 
Indianapolis 
848 788 
Curitiba 
1 864 416 
Shenyang • 
8 106 171 
Ibadan 
2 949 000 
Bonn • 
313 958 
20 Prague • 
1 260 000 
Columbus 
835 957 
Exatepec de Morelos 
1 655 015 
Ningbo • 
7 605 689 
Algiers 
2 947 461 
Münster 
302 178 
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Table 2.1 lists all cities assigned to their respective continents in descending order by pop-
ulation, as the selection of the data set is based on the number of inhabitants2. 
Pertaining to the American continents, an exception is made to their usual division into 
the continents of North and South America. As signi<cant di5erences of the networks’ 
properties are anticipated, a rather cultural approach regarding the split up is chosen. Hus, 
in this examination it is distinguished between Anglo America and Latin America, de<ning 
the <rst to include the Unites States of America and Canada. Accordingly, all remaining 
countries on both American continents correspond to Latin America. Nonetheless, for con-
venience, it is referred to Latin America and Anglo America as continents in this study. 
2.3.2 Data Structure 
OSM data is provided as compressed .osm <les that are wri
en in XML3, as exemplarily 
shown in Figure 2.2. Hey contain three types of elements: nodes, ways and relations 
(OpenStreetMap Foundation 2016a); the la
er not being of importance for this research, 
because they only contain information logical connections between other objects, e.g. bus 
routes along certain nodes. He example in Figure 2.2, line 30–42, shows a relation that 
describes a bus stop. 
However, nodes and ways in the .osm <le are the de<ning components of the networks 
that are subject to this examination. Nodes contain a unique ID, information about the 
geographical location of a point on Earth4, meta data regarding the creation and editing, 
and possibly also indications to which physical element the node belongs, e.g. a street, a 
building (Figure 2.2, lines 20–29). He la
er is represented by a tag, each consisting of a 
key and one or more values. Ways on their part are composed of several individual nodes 
and form shapes on the map (Figure 2.2, lines 1–19). Hey include again a unique ID, and 
meta data. Instead of geographical information, a list of nodes, which they are composed 
of, is appended. Ways o=en represent a street from its beginning to the end. 
Additionally, ways can also form other objects, such as buildings, forests, riversides etc. 
Figure 2.2 shows the distinct ID of the way and the referenced IDs of the respective nodes, 
as well as the relevant tag with the key-value pair ‘highway’ and ‘residential’ and other 
meta data. He subsequent nodes include the relevant information on location. In the orig-
inal <les, ways and the related nodes do not appear consecutively, but rather in random 
order. 
 
                                                 
2 Sources of population numbers: Europe: Eurostat (2016). Anglo America: United States Census Bureau 
(2014), Statistics Canada (2012). Latin America: Wikipedia (2016a). Africa: Wikipedia (2016b). Asia: Wikipedia 
(2016c). Germany: Statistisches Bundesamt (2015). 
3 Extensible Markup Language, a markup language (World Wide Web Consortium 2008) 
4 Geographical location data is provided in longitude & and latitude %, given in decimal degrees. 
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1 <way id="28123396" version="12" timestamp="2016-01-09T12:35:37Z" chang-
eset="36462669" uid="716608" user="TEAM_CN_TUD"> 
2  <nd ref="8083432"/> 
3  <nd ref="1998753986"/> 
4  <nd ref="1947319806"/> 
5  <nd ref="1998753988"/> 
6  <nd ref="1998753990"/> 
7  <nd ref="2675666802"/> 
8  <nd ref="295686193"/> 
9  <nd ref="29348254"/> 
10  <tag k="hgv" v="destination"/> 
11  <tag k="lit" v="yes"/> 
12  <tag k="name" v="Mommsenstraße"/> 
13  <tag k="highway" v="residential"/> 
14  <tag k="surface" v="asphalt"/> 
15  <tag k="maxspeed" v="50"/> 
16  <tag k="sidewalk" v="both"/> 
17  <tag k="smoothness" v="intermediate"/> 
18  <tag k="parking:lane:both" v="parallel"/> 
19 </way> 
20 <node id="8083432" lat="51.0272193" lon="13.7294857" version="8" ti-
mestamp="2013-09-09T21:01:38Z" changeset="17757599" uid="97529" user="burts"/> 
21 <node id="1998753986" lat="51.027229" lon="13.7299228" version="1" 
timestamp="2012-11-05T14:51:36Z" changeset="13761765" uid="716608" 
user="TEAM_CN_TUD"/> 
22 <node id="1947319806" lat="51.0272331" lon="13.7301757" version="2" ti-
mestamp="2014-02-17T09:52:49Z" changeset="20611998" uid="97529" user="burts"/> 
23 <node id="1998753988" lat="51.0272361" lon="13.7302916" version="1" 
timestamp="2012-11-05T14:51:36Z" changeset="13761765" uid="716608" 
user="TEAM_CN_TUD"/> 
24 <node id="1998753990" lat="51.027238" lon="13.7303963" version="1" 
timestamp="2012-11-05T14:51:36Z" changeset="13761765" uid="716608" 
user="TEAM_CN_TUD"/> 
25 <node id="2675666802" lat="51.0272442" lon="13.7311304" version="1" ti-
mestamp="2014-02-16T20:29:03Z" changeset="20603712" uid="102899" user="stw1701"> 
26   <tag k="highway" v="traffic_signals"/> 
27  </node> 
28 <node id="295686193" lat="51.0272504" lon="13.7312597" version="2" ti-
mestamp="2014-02-16T20:29:06Z" changeset="20603712" uid="102899" user="stw1701"> 
29 <node id="29348254" lat="51.0272597" lon="13.7313901" version="8" ti-
mestamp="2014-12-21T10:56:27Z" changeset="27606158" uid="1161559" user="Wolle 
DD"/> 
30 <relation id="4294248" visible="true" version="2" changeset="29486317" 
timestamp="2015-03-15T06:32:45Z" user="Wolle DD" uid="1161559"> 
31  <member type="way" ref="318195082" role="platform"/> 
32  <member type="way" ref="318195085" role="platform"/> 
33  <member type="node" ref="251396232" role="stop"/> 
34  <member type="node" ref="295686122" role="stop"/> 
35  <member type="node" ref="3399280697" role=""/> 
36  <member type="node" ref="3399280698" role=""/> 
37  <tag k="name" v="MommsenstraÃŸe"/> 
38  <tag k="network" v="VVO"/> 
39  <tag k="operator" v="DVB"/> 
40  <tag k="public_transport" v="stop_area"/> 
41  <tag k="type" v="public_transport"/> 
42 </relation> 
 
Figure 2.2: Exemplary extract from an .osm 8le. Shown in lines 1–19 is a way that represents a road section within the city 
of Dresden, Germany and its corresponding nodes below (lines 20–29). Highlighted in grey is the relevant data for this study
of ways and nodes. Lines 30–42 illustrate a relation that is not used for this study. (Source: www.openstreetmap.org/) 
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2.3.3 Data ;ality 
Several scienti<c studies over the last years have shown, that the quality of the map data 
of OSM in large urban areas in Europe and North America has reached that of proprietary 
geographical data (Mooney et al. 2010; Haklay 2010; Zielstra and Zipf 2010).  
As this examination is solely focused on roads, missing details like small trails, cycle paths 
or sideways are not an issue. Also, the preprocessing slightly changes the appearance of 
the network, as it straightens curves of roads into linear connections between intersections 
(Section 2.4.2). Additionally, the merging of intersections and roads with separate lanes 
leads to a relocation of their respective position (Section 2.4.3). Possible minimal deviations 
of the geolocation in the source data are not of signi<cant importance, since they are 
slightly varied in preprocessing anyway. 
However, a thorough study on the data quality of Asian, African and Latin American cities 
remains subject to scienti<c investigation. Here are only few examples of qualitative stud-
ies regarding OSM data, for instance the analysis of the evolution of OSM road networks 
in Beijing, China by Zhao et al. (2015). Herefore, this uncertain state will be taken into 
consideration when evaluating the results of concerning these three continents in Chapter 
3. Especially cities in developing countries could be subject to inferior data quality, as the 
infrastructure to access and edit the open source OSM data in some cases is less advanced 
than in other countries (International Telecommunication Union 2014). 
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2.4 Data Preprocessing 
He raw data, as it is existent in the .osm <les initially contains much information, which 
is not needed for analyzing the network. Hence, it is necessary to preprocess the data be-
fore an analyzation of the networks is possible. Also, the network models need to be sim-
pli<ed to a certain degree, in order to avoid algorithms that are too complex which would 
result in extensive computing times. 
(e) (f) 
(c) (d) 
(a) (b) 
Figure 2.3: Maps of the road networks of Dresden (Germany), Barcelona (Spain) and Columbus, Ohio (USA) from top to bo+om 
before preprocessing (a, c, e) and a>er (b, d, f). 
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First of all, the types of roads in the OSM data, that shall be considered for examination 
are determined: ‘motorway’, ‘trunk’, ‘primary’, ‘secondary’, ‘tertiary’, ‘unclassified’5, and 
‘residential’, including the respective links (OpenStreetMap Foundation 2016b). All roads 
in OSM have a tag with the key ‘highway’, and one of the road types as value. In Figure 
2.2, line 13, for example, the value ‘residential’ is found. Hence all OSM ways are <ltered 
for those that contain a corresponding tag. Later, this <lter is modi<ed to investigate 
changes to the network e8ciency based on the types of roads in a network (Section 2.5). 
Secondly, from these remaining ways all IDs of corresponding nodes are extracted to. With 
those IDs, it is possible to <lter all needed nodes and their geolocation from the .osm <le. 
Ways represent a path along several nodes. In order to thoroughly examine the network, 
a list of links 
 is created. Each link describes a connection between two nodes in the road 
network, which is given by the course of the ways. He result is a road network that is 
de<ned by nodes and links. Hree exemplary full networks of Dresden (Germany), Barce-
lona (Spain), and Calgary (Canada) with all relevant types of roads are illustrated in Figure 
2.3 (a, c, e). Heir counterparts (b, d, f) show the networks a=er further preprocessing as 
described in the next sections. Important to notice is, that the relevant structures of the 
inner cities remain intact, while on the boundaries, all dead ends that emerge from cu
ing 
the map are removed. 
He exact amount of nodes and links of all cities that remain in the network a=er prepro-
cessing is speci<ed in Appendix A. 
2.4.1 Removal of Dead Ends 
In addition to the procedure mentioned above, further preprocessing steps are necessary 
to improve the manageability of the data. He road networks end abruptly on the border 
of the maps, where they are cut. He cut itself is beyond the area of the actual inner city 
and therefore the network structure of the la
er is preserved. 
Nonetheless, the cut leaves many roads as dead ends. In the calculations, this would dras-
tically reduce the average node degree, since all the dead ends have a degree of 1. Other 
than that, they have no or li
le e5ect on e8ciency measures, as no shortest path from one 
node to another will run through a dead end, except the dead ends’ own shortest path. For 
that purpose, all nodes with degree 1 are removed. Naturally, this will not only erase dead 
ends at the border of the map, but also in the center. However, the falsi<cation of the 
average node degree is expected to be lower when removing them. Furthermore, this is 
accepter as dead ends do not have e5ect on the e8ciency of the network. Consequently, 
all links that connect to those nodes are deleted as well. Figure 2.3 (b, d, f) show the results 
of this step. In contrast, in (a, c, e) all dead ends at the outer limits of the city are cut, 
leaving a self-contained network. 
                                                 
5 ‘unclassi<ed’: “He word ‘unclassi<ed’ is a historical artefact of the UK road system and does not mean that 
the classi<cation is unknown.” (OpenStreetMap Foundation 2016b) In OSM, the term refers to the least im-
portant roads in each country’s road system. 
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However, it future research it might be reasonable to investigate cu
ing the extracts at the 
exact city border. Also the inXuence of the removal of dead ends on node degree and rec-
tangularity measures should be studied further. 
2.4.2 Removal of Transient Nodes 
In OSM, nodes are not only present to represent intersections of ways, but also to illustrate 
curves of roads on the map. While they are not important to this examination, they also 
vastly increase the amount of data and reduce the e8ciency of the calculations. Hese ad-
ditional nodes do not represent an intersection and therefore have no impact on the node 
degree of intersections, the unweighted path lengths, and in inner cities they are expected 
to only cause slight deviation of the link lengths and rectangularity. Hus, all nodes with 
degree 2 are removed as well. As a result, the network only consists of nodes that represent 
intersections which are connected by straight links. His leads to a slight deviation from 
the actual length of a road on the map to the lengths the network model, but this step 
accounts considerably to the reduction of data that has to be computed. 
Figure 2.3 (b, d, f) makes the smoothing of curves to straight lines comprehensible, espe-
cially when looking at longer roads away from the city center. 
2.4.3 Merging of Multi-Node Intersections and Roads with Separated Lanes 
An undesirable artifact of the network comes from the constructional embedding of inter-
sections within the cities. Especially large intersections tend to consist not of one, but of 
many nodes. Mostly, short links for right or le= turning vehicles as well as multi-lane 
intersections are reason for that (Figure 2.4). 
Analogously, in many cities, especially big streets are sometimes separated into two inde-
pendent lanes, one for each driving direction. In between, one can <nd green spaces, boule-
vards or sometimes even small buildings. On the map, these streets are represented as two 
Figure 2.4: Exemplary intersection in Dresden (Germany) consisting of several nodes (indicated in blue), that a>er prepro-
cessing should be presented as a single node. (Source: www.openstreetmap.org/#map=19/51.05730/13.74633) 
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separate roads, even though logically, they belong to another (Figure 2.6). He blue dots on 
the map represent the nodes that belong to the street. 
If not addressed, this leads to falsi<cation of the results in various ways. Firstly, the average 
node degree is a5ected. Ideally, the intersection in Figure 2.4 would be described by one 
node with degree 4. Since in reality, there are several short links for turning vehicles as 
well as multi-lane streets that merge in the intersection, actually at least 7 nodes can be 
detected in Figure 2.4 (blue dots), with the node degree ranging from 3 to 5. For one inter-
section, several nodes would be accounted to the average node degree, which in context of 
the entire data set of a city would have a signi<cant impact on the la
er. Regarding cases 
like in Figure 2.6, without merging, for every actual intersection in the network, there 
would be two intersections in the data. 
Secondly, this artifact has an impact on the average link length and link length distribution. 
Similar to the node degree, within one intersection several very short links appear and in 
many cities this would make up a large fraction of links that contribute to the average and 
the distribution of link lengths. Calculations have shown, that in most cities this leads to a 
Figure 2.6: Exemplary street in Dresden (Germany) (‘Budapester Straße’) with two separate lanes (blue lines) for each driving 
direction and green spaces as well as a parking lot in between. (Source: www.openstreetmap.org/#map=18/51.04632/13.73122)
Figure 2.5: Exemplary histogram of the link lengths of Dresden (Germany) without merging of mulit-node intersections and 
roads with separate lanes. Remarkably is the peak for short link lengths. 
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peak between at short link lengths within the link length histogram (Figure 2.5). From 
common sense, this obviously is not a realistic length for a majority of streets in a city and 
therefore can be ascribed to such artifacts in most cases. 
Since the underlying data does not explicitly state whether certain nodes belong to the 
same intersection, a heuristic algorithm is applied, that reduces the falsi<cation of the data. 
For each node in the network, on basis of its geographical location, it is searched for other 
nodes within a <xed radius which are then added to the intersection. He search is repeated 
from every new node in the intersection, until no more nodes are found. When no more 
nodes can be added to the intersection, a single node is created, positioned at the average 
geographical location of all included intersection nodes and <nally the la
er are deleted. 
All links, that were connected to one of the former intersection nodes are reconnected to 
the new intersection node. 
As indicated, this algorithm reduces the number of multi-node intersections, but it does 
not eliminate all of them and also evokes further slight deviation regarding other network 
features, e.g. the angle between links by averaging the position of the new intersection 
node. 
Furthermore, it is arguable, that there cannot be any single value for the search radius, that 
would appropriately describe the size of any intersection within a city, much less for all 
studied cities on all continents. Nonetheless, a credible value that both reduces the number 
of multi-node intersections and at the same time keeps falsi<cation of the data regarding 
other network features low needs to be found. His is tested incrementally with a search 
radius of 10 m, 25 m, 40 m and 50 m in all German and European Cities. 
Generally, at 10 m only li
le change to the data is recorded, which implies that only a few 
intersections have nodes, that are 10 m or less apart from each other. With a radius of 25 m 
link length as well as node degree show signi<cant changes to their distribution and aver-
age. In some cases, though, an undesired e5ect occurs: if a street is in fact less than 25 m 
long, it is detected as an intersection and also merged to just one node. His e5ect is com-
pounded even more when choosing 40 m or even 50 m as search radius. It can be observed, 
that in some cities for 40 and 50 m the entire networks take a whole di5erent shape, which 
of course is not intention of this preprocessing step. Some examples of such corrupted 
networks are pictured in Appendix B. Here, entire boroughs get merged into one single 
node, which causes the original structure of the borough to be transformed in to a node-
centered, radial structure with links pointing in all direction from the center node. For that 
reason, 25 m is de<ned as the <xed radius regarding the merging of intersections for all 
cities.  
A detailed investigation of the stated issues remains subject of future research. 
A=er all of the above described procedures, the networks are prepared for the actual ana-
lyzation and the computation of the network measures. He results are presented in Chap-
ter 3. 
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2.5 Network Modifications 
Some properties of the network, especially regarding the e8ciency, are expected to depend 
on certain types of roads. On order to investigate the impact of such roads, the road net-
works are modi<ed by removing these roads and observing the features of the remaining 
network. 
A=er preprocessing, the original networks include the road types ‘motorway’, ‘trunk’, ‘pri-
mary’, ‘secondary’, ‘tertiary’, ‘unclassified’, and ‘residential’ and the respective links (Sec-
tion 2.4). Examples of Dresden, Germany and Ohio, USA are illustrated in Figure 2.7 (a, b). 
For the purposes of this study, three modi<cations are chosen and tested against reasona-
bility regarding further investigations by observing the visualized outcomes: 
Modification 1: e original network minus the road types ‘motorway’, 
‘trunk’ and their respective links. 
He original network is reduced by the two main types of roads. As 
observed in Figure 2.7 (b), main roads o=en di5er from the pa
ern of 
the remaining network of minor roads. In  Figure 2.7 (c), the network 
of Dresden, Germany, does not show as much obvious change com-
pared to (a). Still, there is a major connection between the northern 
and southern part of the city missing at approximately 13.68, 51.07 
(Longitude, Latitude) that may have considerable impact on shortest 
path lengths and detour index. In this case, the connection repre-
sented a bridge over the river, that runs from south-east to the west 
through the city center. 
In the road network of Columbus, Ohio, USA, which is depicted in 
Figure 2.7 (d), the most noticeable change is the loss of major roads 
that are aligned circular around the city. Most prominent and likely 
inXuential regarding shortest paths and detour index is the removal 
of two connections between east and west in the southern part of the 
city. Here exist also several roads in each geographic direction from 
the city center which connect the la
er with the above mentioned 
circular road that are now removed. 
Modification 2: The original network minus the road types ‘motorway’, 
‘trunk’, ‘primary’ and their respective links. 
Now, another main road type (‘primary’) is cut from the network. It 
can be noticed, that especially the network of Dresden (a) is now 
a5ected by the modi<cation. Particularly the cu
ing of further 
bridges will have an e5ect on shortest paths and detour index. 
He impact on the city of Columbus is rather subtle. Nonetheless, 
throughout the entire city additional thinning of the network is rec-
orded. 
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He observation of these and all other cities in the data set gives the 
understanding, that cu
ing o5 ‘primary’ roads even leads to spli
ing 
some of the cities’ networks into two or more independent parts. In 
some cities, this accounts only for very small parts of the network, 
but in others self-contained networks of comparable sizes are ob-
tained. Examples of such splits are presented in Appendix C. 
His implies, that the results from Modi<cation 2 should only be con-
sidered with care, if at all. Herefore, they are excluded from the dis-
cussion in Chapter 3. 
Modification 3: The road types ‘motorway’, ‘trunk’, ‘primary’ and their re-
spective links only. 
 In this modi<cation, only a network of major roads is le=. He results, 
which are illustrated in Figure 2.7 (g, h), lead to several assumptions: 
 Firstly, the networks get corrupted so much, that applying measures 
as they are introduced in Chapter 3, will not return reliable results. 
Due to the straightening of connections between two intersections 
(Section 2.4.2), link lengths between intersections of major roads are 
distorted far too much to make valid statements based on them. He 
same applies for angles between links, which are also a5ected by the 
connection of distant intersections. Consequently, if further studies 
seek to analyze properties of such networks of major roads, it will be 
inevitable to retain the actual spatial course of roads.  
 Secondly, most major road networks from the data set contain only 
li
le numbers of nodes and edges, so that it is questionable, whether 
results from analyzing these networks have signi<cant meaning, 
even when the exact spatial embedding is taken into account. 
 Hirdly, further studies should consider the possibilities of taking the 
number of lanes of a road into account. Multi-lane roads presumably 
contribute to the e8ciency of a network in a comparable manner, as 
the sole length of links or paths do. 
Consequently, in the evaluations in Chapter 3, the focus is on the results of the unmodi<ed 
networks with all relevant roads and those of the <rst modi<cation, only. Modi<cation 2 
and 3 serve as prove, that some variations of the networks do not return a valuable and 
utilizable basis for further network investigations. 
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(g) (h) 
(e) (f) 
(c) (d) 
(a) (b) 
Figure 2.7: Networks of Dresden (Germany), le>, and Columbus, Ohio (USA), right. All relevant road types a>er preprocessing 
are shown in (a) and (b). Illustrated below are Modi8cation 1 (c, d), Modi8cation 2 (e, f) and Modi8cation 3 (g, h) 
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Chapter 3 Results and Discussion 
In this chapter, the results of the analysis are presented and discussed. Firstly, the results 
of the unmodi<ed road networks in di5erent regions and cities are presented. Secondly, 
the details of the modi<ed networks are investigated and conclusions are draws from the 
deviations in comparison to the original, unmodi<ed networks. 
3.1 Unmodified Networks 
3.1.1 Node Degree 
He results of the computations regarding the node degree at <rst sight do not show much 
di5erences between the continents (Table 3.1). Intuitively one would expect a rather high 
degree for cities with rectangular pa
ern, as they are observed predominantly on maps of 
Anglo American cities (e.g. Figure 2.3 (b)), but also in Latin America and partly on other 
continents. Table 3.1 shows a range between 3.35 (Africa) and 3.40 (Anglo America) for the 
mean node degree over all cities /444.  
When immersing into the details of the data, the data reveal noticeable di5erences. It has 
to be considered, that /444 is an average over all nodes and all cities. For example, Table 3.1 
indicates, that the share of nodes with degree 3 in Europe is much higher (69.7 %) than in 
Anglo America (63.5 %). In contrast, the percentage of nodes with degree 4 in European 
cities is much lower (25.1 %), compared to Anglo-American cities (33.9 %). He fact that the 
mean node degrees of both continents are very close to another can be ascribed to the 
lower percentage of high-degree nodes in Anglo-America cities. For all nodes with degree 
5 to 9, the share is found to be approximately double or even higher in Europe. 
However, in Table 3.1, the highest share for node degree three is observed in Germany 
(75.8 %). Hat means, three out of four intersections in German cities have three adjacent 
streets. He lowest value is recorded in Latin America, where only a few over half of the 
intersections possess this feature (60.8 %). Herefore, in Germany only li
le chance of pre-
dominantly rectangular structures is expected. Nonetheless, it is not entirely impossible 
because an intersection can have only three adjacent links, but still aligned rectangular 
with two angles of 90° and one of 180°. 
Table 3.1: Node degrees / and their relative frequencies (/) as well as mean node degree over all cities /4 (bo+om row). / Europe Anglo America Latin America Asia Africa Germany 
3 0.6972 0.6348 0.6083 0.7150 0.6881 0.7581 
4 0.2514 0.3388 0.3456 0.2303 0.2822 0.2052 
5 0.0352 0.0188 0.0311 0.0358 0.0206 0.0256 
≥ 6 0.0162 0.0076 0.0149 0.0189 0.0091 0.0111 /444 3.38 3.40 3.46 3.36 3.35 3.29 
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Table 3.2: Mean node degree /444, same as last row in Table 3.1, and the respective mean standard deviation over all cities for 
each continent. 
Region /444 7〈86〉444444 
Europe 3.38 0.085 
Anglo America 3.40 0.077 
Latin America 3.46 0.078 
Africa 3.35 0.094 
Asia 3.37 0.093 
Germany 3.29 0.030 
Noticeable is the particularly high mean node degree in Latin America (3.46). He continent 
comprises an even lower percentage of nodes with degree 3 and a higher share of nodes 
with degree 4 than Anglo America. However, in Latin America, double the share of nodes 
with degree 5, 6 and higher is recorded. Hat means, that the high average does not neces-
sarily imply high rectangularity in Latin America, but it can certainly be an indication of 
that. 
Looking at the mean standard deviation of the node degree taken over all cities in each 
respective region (Table 3.2, last column), it can be noticed that especially in continents 
with a higher node degree, the deviation is considerably lower, with the exception of Ger-
many. 
Hardly any pa
ern can be detected when looking at the sole geographic distribution of the 
mean node degree in Figure 3.1. Here is a slight tendency in Europe (a) for higher node 
degrees in the south. He same case it is in the north of Africa (b). However, besides these 
visual observations for Europe and Africa there is no other signi<cant correlation in the 
data regarding the geographic location and the node degree within the other regions (Ap-
pendix D.1). 
Concluding, the results of the mean node degree as well as the mean standard deviation 
do not allow distinct distinguishing the continents from each other. However, there are 
indications, in which regions the spatial embedding might be in a rectangular manner and 
in which this is likely not the case.  
(a) (b) 
Figure 3.1: Geographical distribution of the node degree in all European (a) and African cities (b). 
3.17 3.51 
 
3.23 3.54 
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3.1.2 Link Length 
In the section, the results regarding the link lengths of the networks are presented. Com-
pared to the <ndings from the node degrees, they show much more distinct characteristics 
that help separating the continents from each. As explained in Section 2.2.2, link lengths 
represent the length of a street between two intersections in the network. 
Relatively clear di5erences are noticeable in the mean link length over all cities in a region, J4444 (Table 3.3). Remarkably is the unexpectedly high value in Asia. Here, the apprehensions 
regarding the inferior quality of the map data are seemingly proven true (Section 2.3.3): 
not only the exceptional high mean, but particularly the immoderate mean standard devi-
ation give reason to doubt their accuracy. Viewing the results for each Asian city individ-
ually reassures, that many cities present results, that can safely be rejected with common 
sense (Appendix A.4). Some Asian cities show an average link length 〈J〉 of well over 
400 m and respectively one over 500 m, 600 m and even 1 200 m. 
Entirely opposing results to these high averages are found in Seoul (South Korea) and To-
kyo (Japan), which are cities from two highly developed nations (International Monetary 
Fund 2015), where more people have access to the internet in order to contribute to the 
quantitative and qualitative improvement of the OSM data (International Telecommunica-
tion Union 2014). With mean link lengths of 111 m and 77 m respectively, they account for 
two lowest values in Asia. As the data quality in such countries can be expected to be much 
be
er than in developing nations, it can be concluded that the data of many of the Asian 
cities is not su8cient to allow reliable assumptions and comparison with other continents. 
Seoul and Tokyo, which seem to be an exception on the Asian continent due to their high 
data density, can be seen as benchmarks for the Asian continent. 
In addition, many of the narrow, crooked streets, which can be observed on maps of many 
of the Asian cities, are dead ends. Hese are removed in the preprocessing procedure as 
explained in Section 2.4.1. His leads to an even more thinned network, accounting addi-
tionally for the unrealistic results that is received for the Asian continent. 
Consequently, the results from developing nations on other continents have to be consid-
ered with care, as well. His applies especially to Africa and also Latin America, albeit to a 
lesser extent. However, in the case of link lengths, reasonable values can be found in these 
regions, that align with the results from Anglo America, Europe and Germany. 
Table 3.3: Mean link length J and the respective mean standard deviation 7〈〉4444444 over all cities for each continent. 
Region J4444 /  7〈〉4444444 /  
Europe 156 35.2 
Anglo America 177 20.8 
Latin America 115 11.1 
Asia 260 163.7 
Africa 135 37.6 
Germany 194 15.8 
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In Latin America the mean over all cities is at only 115 m, with a standard deviation of just 
over 11 m (Table 3.3), which both are the lowest value among all examined regions. 
Whether this is due to structural planning, to historical artifacts or to any other cause, 
remains subject to future research. 
Within the European continent, a very distinct distribution of shorter average link lengths 
can be found in the South and South West of the continent, while towards the North and 
North West, the average link lengths grow noticeably (Figure 3.2). His is also expressed 
in the mean standard deviation of the link lengths of European cities. With 35.2 m it is 
remarkably higher than in Latin America, Anglo America and Germany (11.1 m, 20.8 m and 
15.8 m) as shown in (Table 3.3). Only Africa shows a similar result with an average of 
37.6 m. However, the visualization of the European cities’ average node degree leads to the 
conclusion, that the distribution might be subject to historical, cultural or climatic di5er-
ences, that led to variable construction of the road networks. 
His may also be the case in other continents, however, from the sole geographic distribu-
tion of the mean link lengths, no pa
ern comparable to that in Europe can be discovered 
(Appendix D.2). Yet, this claim also needs to be part of future research and cannot be 
proven in the framework of this study. 
The distributions of all edge lengths for each region provide further indications regarding 
the network structures (Figure 3.2). Since all links that are shorter than 25 m were merged 
because they were assumed to be part of intersections (Section 2.4.3), all distributions start 
at 25 m, with subsequent bin widths of 10 m. 
In most continents a peak can be pbserved at around 50 m. This peak is very distinct in 
Latin America and Africa (Figure 3.3 (c, e)), which explains the low mean link lengths in 
those regions. The decline towards longer link lengths is rather sharp, leaving the 0.95 
percentile at 260 m and 358 m. In Europe, as well as in Germany (Figure 3.3 (a, f)), the peak 
is rather shallow, with longer tails to the right. The 0.95 percentiles are at 414 m and 518 m 
respectively. 
Figure 3.2: Geographical distribution of the mean link lengths 〈J〉 of all examined cities on the European continent. 
90 m 270 m 
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An entirely different structure compared to the previously mentioned regions can be 
observed on the Anglo-American continent (Figure 3.3 (b)). There are three peaks aligned 
around 100 m, 200 m and 400 m link length respectively. This emphasizes the presumption 
of rectangular structures, where vertical and horizontal have distinctive lengths in each 
city. He 0.95 percentile, however, is close to that of European cities at 427 m. 
For completeness, the distribution of Asia is presented in Figure 3.3 (d). He claim regard-
ing the lack of data quality is veri<ed in the 0.95 percentile, which is at 839 m. For a single 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 3.3: Histograms of the link lengths and the respective mean link length J4444 (dashed line) as well as 0.05 and 0.95 
percentiles (thin do+ed lines) for each continent. *e width of each bin is 10 m, starting at 25 m. 
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street within a city, this is quite a rare value, and is seems quite unrealistic that 5 % of all 
streets in a network account for even higher lengths. 
In summary, the results concerning the link lengths show very distinct features in the 
networks of the distinct regions. While in Latin America and Africa most streets are rather 
short, in Europe and Germany a wider variety is observed. Most remarkably however are 
the results from Anglo America, which indicate a very precise and structured city planning 
regarding the spatial embedding of the street network. 
Lestionable is, however, whether these di5erent network constructions have any ad-
vantages or disadvantages opposite to another. Possibly there is a correlation between the 
construction of the networks regarding their link lengths and the e8ciency of the network. 
His could possibly be answered with the shortest path length and detour index which are 
discussed in the following section. 
3.1.3 Network EAiciency 
As detailed in Section 2.2.3, the shortest path describes the shortest route along a set of 
links between any pair of two nodes way within a network. In can either be the shortest 
path in terms of the number of links (or nodes) that are passed on its way, or regarding the 
total distance that is covered by all links on the path. He <rst is referred to as unweighted 
and the la
er as weighted paths. As in the frame of this examination, Dijkstra’s algorithm 
is used in order to compute the shortest paths, they are named Dijkstra paths. 
Shortest Path Length 
The results of the shortest Dijkstra path lengths, whether weighted or unweighted, do not 
have much informative value and can hardly be used for comparing the cities among each 
other. Reason for this is, that the path lengths grow with increasing size of a city and hence 
only paths lengths of cities with almost equal size are comparable to another. Therefore, 
they will only be considered for the comparison of the unmodified with the modified 
networks in Section 3.2.3. Nonetheless, detailed results for each city regarding the shortest 
path lengths are listed in Appendix A. 
Detour Index 
On the contrary, it is possible to compare the mean detour index for all cities and 
continents asi it is a relative measure, independent of the overall size of the network (Table 
3.4). 
Interestingly, almost identical values are identified for all continents, except Africa (Table 
3.4, second column). Not considering the capacity of the different road types, the conclu-
sion can be drawn, that the sole networks, do not di5er much in terms of e8ciency, irre-
spective of the rectangularity in the networks that is to be determined in Section 3.1.4. 
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Table 3.4: Mean detour index as well as the respective mean standard deviation over all cities for each region in the second 
and third column. *e last two columns show the mean detour index for cities without natural berries (w/o B) and with 
natural barriers (w/ B). 
Region =a444 7〈ef〉444444 =a444 w/o B 7〈ef〉444444 w/o B =a444 w/ B 7〈ef〉444444 w/B 
Europe 0.85 0.020 0.85 0.009 0.84 0.023 
Anglo America 0.85 0.013 0.86 0.013 0.85 0.015 
Latin America 0.85 0.016 0.84 0.017 0.85 0.009 
Asia 0.85 0.018 0.84 0.009 0.85 0.030 
Africa 0.80 0.037 0.81 0.038 0.79 0.011  
Germany 0.84 0.011 0.85 0.009 0.84 0.009 
When considering the spatial embedding of a city into its respective landscape, it becomes 
clear, that many of the cities have rivers or other natural barriers. Hese may a5ect the 
detour index because overcoming the barriers depends on the availability of bridges, tun-
nels or mountain passes etc. In their absence, the detour index will decrease, because a 
longer path has to be chosen. Herefore, in the framework of this study, it is di5erentiated 
into detour index for cities without barriers (“w/o B”, Table 3.4, fourth column) and the 
detour index for cities with barriers (“w/ B”, Table 3.4, sixth column). 
In the results, no signi<cant di5erences between both types of cities in any of the regions 
can be found. Hey are mostly in the range of ± 0.01, except for - 0.02 in Africa. His sug-
gests, that in most cities there is a su8cient number of options to cross the barriers, which 
contributes to avoiding long detours and hence causes higher detour indices. He slight 
di5erences between the types of cities cannot ascribed to the existence of natural barriers 
with certainty. 
He mean standard deviation over all cities reveals, that the most di5erences exist among 
African cities (Table 3.4, third column). He least di5erent from each are German cities, 
which could be explained by the geographic closeness. 
Here is also no noticeable pa
ern in the geographical distribution of the detour index in 
all of the examined regions (Appendix D). 
A possible correlation to the network construction in terms of link lengths also cannot 
substantiated. Here are both cities with high link lengths and high detour indices (Mos-
cow: 258 m, 0.85), low link lengths and high detour indices (San Francisco: 138 m, 0.84) as 
well as with high link lengths and low detour indices (Kharkiv: 201 m, 0.80) and low link 
lengths and low detour index (Salvador: 135 m, 0.80). 
In Section 3.2.3 the results for the detour indices of the unmodi<ed and modi<ed networks 
are compared. From that, it is possible to determine, whether the relatively homogenous 
e8ciency in unmodi<ed networks is based on the existence of major roads, or if the un-
derlying network of minor roads bears comparable e8ciency properties. 
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3.1.4 Rectangularity 
As the last part of the unmodi<ed networks, the results regarding rectangular properties 
that were examined for all cities and over all regions are presented. 
Link Angles 
Firstly, the distributions of all angles  are a
ended (Figure 3.4). He histograms picture 
the probability for each angle (in °), rounded to whole numbers. As expected, there is proof, 
that rectangular structures are particularly pronounced on the Anglo American continent 
(Figure 3.4 (b)). Considering the slight deviation that may arise due to the preprocessing 
Figure 3.4: Link angle histograms for all regions. 
(a) (b) 
(c) (d) 
(e) (f) 
Chapter 3 Results and Discussion 
31 
of the networks, it can be safely assume, that angles which di5er ± 2° from 90° can be in-
terpreted as being part of rectangular structures. To that e5ect, right angles (90° ± 2°) al-
ready account for 38 % of all present angles in all Anglo-American networks (Table 3.5). 
He 10 % share of 180° (± 2°) angles adds to this. Consequently, overall, almost half of all 
angles in Anglo-American cities follow a rectangular pa
ern. 
In contrast, the share of right angles in Latin America and Africa (Figure 3.4 (c, e), Table 
3.5) is only about ¾ of that in Anglo America. Also, the spike at 90° is not near as sharp 
and the graph over all is shallower next to the peaks. He la
er can be seen in Figure 3.4(c, 
e), but also come clear when comparing the numbers in Table 3.5 to Table 3.6. He more 
angles around the 90° and 180° mark are included (e.g. ± 10° in Table 3.6), the more the 
shares of the regions are brought in line with each other. All three regions come close to 
the 50 % mark. Interestingly, the percentage of 180° angles is roughly equivalent in these 
continents. 
Less angles that follow a rectangular structure are present in Europe and Germany. In both 
regions, the share of 90° and 180° angles is well under ½ of the percentage in Anglo America 
(Table 3.5). For the 180° angles, the di5erence is not quite as blatantly obvious, but still 
visible on the graph and clearly in the numbers, bringing the total share of rectangular 
structures with a deviation of ± 2° to just under 25 % in Europe and to almost 21 % in Ger-
many. 
 
Table 3.5: Percentiles of all angles indicating rectangular pa+erns in their respective networks for all regions. Tolerance ranges 
of respectively ± 2° and ± 5° are added to the angles of 90° and 180°. 
 Europe Anglo America Latin America Asia Africa Germany 
90° ± 2° 0.173 0.380 0.292 0.217 0.273 0.132 
180° ± 2° 0.076 0.098 0.085 0.094 0.095 0.073 
Total 0.249 0.478 0.377 0.311 0.368 0.205 
90° ± 5° 0.263 0.447 0.401 0.309 0.375 0.217 
180°± 5° 0.108 0.119 0.109 0.123 0.120 0.108 
Total 0.371 0.566 0.510 0.432 0.495 0.325 
 
Table 3.6: Percentiles of angles distributed ± 10° around the angles of 90° and 180°. 
 Europe Anglo America Latin America Asia Africa Germany 
90° ± 10° 0.362 0.510 0.500 0.400 0.471 0.314 
180°± 10° 0.144 0.143 0.133 0.155 0.145 0.150 
Total 0.506 0.653 0.633 0.555 0.616 0.464 
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For completeness, the results for Asia is shown in Figure 3.4 (d). He histogram is compa-
rable to that Latin America and Africa, just with a li
le less emphasize on the 90° angles, 
but instead more on 180°. Reason for that could be the removal of many dead ends in Asia, 
which was mentioned in Section 3.1.2. He removal of dead ends from intersections with 
degree 4 in a rectangular structure sometimes leaves 180° angles. Apparently, this occurs 
more o=en in Asia, as assumptions from preprocessing and the evaluation of link lengths 
suggest and therefore results in a di5erent ratio between 180° and 90° angles. 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 3.5: Histograms for the rectangularity parameter  and the respective mean ̅ (dashed line) for all regions. *e width 
of each bin on the x-axis is 0.01. 
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In Table 3.6 numeral evidence for the sharper spike in the Anglo-American angle distribu-
tion is found: while the di5erence between all regions is considerably large for 90° and 180° 
angles, the result is more balanced when looking the total share with a deviation of ± 10°. 
He table also proves the shallowness of the European and especially German angle distri-
bution, since in both regions only around 50% and 46% of the angles are found in this range. 
Rectangularity Parameters 
Secondly the results of the rectangularity parameters  and  2θ, are observed. As 
detailed in Section 2.2.5, a lower value for ̅ and a higher value for cos 2,444444444444 would be 
expected in networks that feature more rectangular structures. 
Figure 3.5 shows the distributions of  and the mean value (dashed line) for all regions in 
a graph. Again, the highest spike is noticed in Anglo America, with approximately 24 % of 
the angles assigned to values of  between 0 and 0.01. Also the second and third highest 
peaks are depicted in the graphs of Africa and Latin America; the lowest, as expected in 
Europe and Germany. 
As pictured in Figure 3.6, the results of the  2θ, parameter are analog, only that the 
distributions are le=-tailed with their maxima at the bin between 0.99 and 1. Due to the 
squared cosine, the peaks are even more emphasized and the tails less shallow compared 
to the distributions of . 
Additionally, in Figure 3.6 it is noticed that the peak compared to that of the  distribution 
is much higher and that there is another very small peak at the le= between 0.00 and 0.01. 
He reason for this lies in the design of the cosine function. At its peaks, the slope of the 
cosine function if naturally shallower. Hence, there is a greater number of values on the 
x-axis (angles) that have approximating values on the y-axis ( 2θ,). In other words, a 
greater span of angles accounts for a small range of values of the parameter. His is why 
both ends of the distribution of are overemphasized. It is important to state, that the peaks 
do not stand in direct correlation with the amount of angles of certain degrees. His was 
already ful<lled by the link angle distributions pictured in Figure 3.4. 
In Table 3.7, the lowest value of ̅ and hence a strong tendency towards rectangularity is 
observed in Anglo America. Latin America and Africa, where rectangularity was already 
suspected from the link angle distributions, follow subsequently. Asia, Europe and Ger-
many align in that order from low to high. He same holds for cos 2,444444444444, where the value 
of Anglo America accounts for the highest mean of all results, followed by Latin America 
and Africa. In Asia, Europe and Germany, the values are comparably low. All of the above 
is consistent with the <ndings from the angle distributions. He mean values of  and  2θ, are also presented as the dashed vertical lines in Figure 3.5 and Figure 3.6. 
Overall, it can be concluded that both  and  2θ, verify the <ndings from the angle 
distributions at the beginning of this section. 
When the results from the rectangularity measures are put in context with the link lengths 
and node degrees, many of the earlier assumptions are a8rmed. He high mean node de-
gree of Latin America does not imply, that there are more rectangular structures than in 
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Anglo America, but there are just more intersections, that have 5 or more adjacent streets. 
It can also be seen, that the link length distribution (Section 3.1.2) of Anglo America initi-
ated the correct presumptions regarding the rectangularity. 
Again, it needs to be stressed, that the results regarding the rectangularity measures of 
some cities might not be as accurate. His applies presumably mostly to Asia but also to 
Africa and Latin America to some extent. 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 3.6: Histograms for the rectangularity parameter  2,o and the respective mean  2,444444444444 (dashed line) for all 
regions. *e width of each bin on the x-axis is 0.01 
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Table 3.7: *e means of the rectangularity parameters  and  2,o as well as the respective mean standard deviations 
for all regions. 
Region ̅ 7〈x〉44444 cos 2,444444444444 7〈|}~ s\,〉4444444444444 
Europe 0.310 0.0249 0.715 0.0257 
Anglo America 0.220 0.0378 0.800 0.0380 
Latin America 0.242 0.0488 0.785 0.0534 
Asia 0.274 0.0291 0.751 0.0299 
Africa 0.246 0.0440 0.780 0.0479 
Germany 0.337 0.0284 0.686 0.0305 
In total, the results from the unmodi<ed networks a=er preprocessing prove, that mostly 
expected pa
erns are recorded from the OSM data. However, it has been shown, that the 
node degrees in a network are not trivially correlated to its rectangularity. His is rather 
unexpected because it was assumed that the closer the mean node degree is to 4, the more 
it would indicate rectangularity. It was also revealed, that neither di5erent link lengths nor 
the rectangularity ma
er for the e8ciency of the networks. 
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3.2 Modified Networks and Comparison to Unmodified Networks 
As explained in Section 2.5, focus will be on the results of Modi<cation 1. i.e. the original 
networks minus the major two road types ‘motorway’ and ‘trunk’ (Section 2.5). All other 
intended modi<cations did not prove to present meaningful results. Modi<cation 2 caused 
split-ups of many networks into independent, self-contained sub-networks that would not 
be suitable for applying the network measures (Section 2.5, Appendix C). Modi<cation 3 
reduces the network sizes so much, that it is expected to falsify too many of the network 
measures, which leads to the conclusion that the results would not qualify for analysis or 
interpretation likewise (Section 2.5). 
Table 3.8 shows the average changes to the network sizes. He di5erences range from just 
under 4 % reduction on the African continent to well above 8 % decrease in Asia. Hese 
numbers do not represent the exact shares of major roads in the unmodi<ed networks, 
since the preprocessing for modi<ed networks runs independently for the modi<ed net-
works. Hence, major roads are already le= out in preprocessing for modi<ed networks and 
at some points there are nodes and links removed from the minor roads, that connected 
them to major roads, which causes some minor roads to be removed that were present in 
the unmodi<ed networks. 
In Section 2.5 (Figure 2.7 (g, h)) it was shown, that major roads only make up a small frac-
tion of the entire networks. Herefore, removing them and only leaving minor roads does 
not have a large impact on the overall averages of the introduced network measures, but 
all the more this indicates that even small changes are relevant in this context. In other 
words, change due to the removal of small parts has to be seen in proportion to the overall 
network size and should not be underestimated. 
As for the unmodi<ed networks, the detailed results regarding all network measures for 
each city are presented in Appendix E and the averages per region will be focused on in 
the following discussion. 
 
Table 3.8: Relative average change (percentiles) of the number of links and nodes in modi8ed networks compared to unmod-
i8ed networks. *e means are weighted by number of links and nodes in the respective cities (modi8ed networks). 
Region / Continent Δ  Δ  
Europe − 0.0605 − 0.0444 
Anglo America − 0.0784 − 0.0779 
Latin America − 0.0466 − 0.0458 
Asia − 0.0863 − 0.0838 
Africa − 0.0395 − 0.0376 
Germany − 0.0582 − 0.0558 
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3.2.1 Node Degree 
He values of the mean node degree of each region for the modi<ed networks are almost 
identical to those of the unmodi<ed ones (Table 3.9). He bo
om line in the table shows, 
that there is only marginal change in Europe, Germany and Asia, each with a very small 
decrease of – 0.3 %. However, a slight shi= towards nodes with degree 4 is noticeable in all 
of the regions without exception. His could suggest, that minor roads rather have degree 
4 nodes and vice versa major roads tend towards 3 or 5 and more nodes. In turn, this indi-
cates that more rectangular structures can be found within minor road networks, which 
will be examined further in Section 3.2.4 below. 
Looking closer at the details of each region, the table reveals that the most change happens 
in Anglo-American cities, where the share of nodes with degree 4 increases by over 4.3 %. 
Pu
ing this in perspective to the total reduction of the networks in Table 3.8 of only around 
8 %, it becomes clear that the change is quite signi<cant. Compared to Anglo America, the 
change of the average node degree is only moderate in European (+ 2.6 %), Latin- American 
(+ 1.8 %), Asian (+ 3.6 %) and German cities (+ 2.7 %), while in Africa it is considerably low 
(+ 0.7 %), that means, removing major roads have fewer impact on the mean node degree. 
He numbers in Table 3.9 also show, that in comparison to the others, the most relative 
decrease happens for nodes with high degrees (5 or 6 and higher). For each region, the 
most percentage change is found for nodes with degree 6 or greater. He reduction shows, 
that intersections with a large number of adjacent streets occurs more proportionally more 
o=en in major roads. He biggest change is again found in Anglo America with − 38.2 %, 
i.e. more than a third of large intersections in terms of adjacent streets were eliminated 
due to the removal of major roads. He lowest values registered in Europe (– 9.9 %) and 
Latin America (– 11.4 %), suggesting, that high-degree intersections occur proportionally 
more balanced between major and minor roads than in Anglo America, while the share is 
still higher in major roads. He other three regions align between – 17 % and – 24 %. 
Figure 3.7 visualizes these changes and con<rms, that in fact, only for nodes with degree 4 
(Figure 3.7 (b)) there is a positive change of their share from unmodi<ed to modi<ed net-
works, while all others denote a decline (Figure 3.7 (a, c, d)). As already discussed in Section 
3.1.1, it also becomes clear again, that in Anglo America and Latin America the share of 
degree 3 nodes is the lowest, while the share is highest for nodes with degree 4. His is 
valid for both unmodi<ed and modi<ed networks. 
Table 3.9: Node degrees / and their relative frequencies (/) as well as the mean node degree over all cities /4 for modi8ed 
networks (bo+om row) in all regions. *e values in parenthesis indicate the change compared to unmodi8ed networks (per-
centiles) / Europe Anglo America Latin America Asia Africa Germany 
3 0.6936 (− 0.0052) 0.6264 (− 0.0132) 0.6054 (− 0.0048) 0.7130 (− 0.0028) 0.6895 (+ 0.0020) 0.7576 (− 0.0008) 
4 0.2580 (+ 0.0263) 0.3535 (+ 0.0434) 0.3519 (+ 0.0182) 0.2385 (+ 0.0356) 0.2841 (+ 0.0067) 0.2111 (+ 0.0274) 
5 0.0338 (− 0.0398) 0.0154 (− 0.1809) 0.0295 (− 0.0514) 0.0331 (− 0.0754) 0.0189 (− 0.0825) 0.0228 (− 0.1094) 
≥ 6 0.0146 (− 0.0988) 0.0047 (− 0.3816) 0.0132 (− 0.1141) 0.0153 (− 0.1905) 0.0075 (− 0.1758) 0.0085 (− 0.2342) /444 3.37 (− 0.0030) 3.40 (± 0.0000) 3.46 (± 0.0000) 3.36 (− 0.0030) 3.35 (± 0.0000) 3.28 (− 0.0030) 
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In Table 3.10, additionally to the mean node degree, the respective standard deviation is 
shown. It is noted note, that it increases in all regions, except Africa, which suggests, that 
removing major roads caused slightly more diversi<cation regarding the mean node degree 
among the cities. In other words, the changes had variable impacts on the cities and overall 
caused increasing deviation. For example, in Europe, London was a5ected the most, while 
in North America it was San Jose. In both cities the mean node degree decreased by 0.3 
(absolute value) which corresponds to around – 1 % change, respectively (Appendix A, Ap-
pendix E for detailed di5erences for each city). 
Concluding, it can be retained, that the modi<cation to the networks only has a small im-
pact on the mean node degree. However, due to the increase of the share of degree 4 nodes, 
the slight changes give an indication that rectangular structures may predominantly be 
present in the minor road networks. 
Table 3.10: Mean node degree (same as bo+om row in Table 3.9), the respective mean standard deviation and the relative 
change of the modi8ed networks compared to the unmodi8ed networks (percentiles in parenthesis) for all regions. 
Region /444 7〈86〉444444 
Europe 3.37 (− 0.0030) 0.089 (+ 0.0471) 
Anglo America 3.40 (± 0.0000) 0.082 (+ 0.0649) 
Latin America 3.46 (± 0.0000) 0.079 (+ 0.0128) 
Asia 3.36 (− 0.0030) 0.094 (+ 0.0107) 
Africa 3.35 (± 0.0000) 0.094 (± 0.0000) 
Germany 3.28 (− 0.0030) 0.033 (+ 0.1000) 
Figure 3.7: Visualization of the change of the percentage of nodes with the respective node degree in unmodi8ed and modi8ed 
networks. 
(d) (c) 
(a) (b) 
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Table 3.11: Mean link length, the respective mean standard deviation and the relative change of the modi8ed networks com-
pared to the unmodi8ed networks (percentiles in parenthesis) for all regions. 
Region J4444	/	 7〈〉4444444	/		
Europe 147 (− 0.0577) 24.1 (− 0.3153) 
Anglo America 165 (− 0.0678) 18.8 (− 0.0990) 
Latin America 111 (− 0.0348) 10.2 (− 0.0811) 
Asia 225 (− 0.1346) 136.0 (− 0.1692) 
Africa 129 (− 0.0444) 35.9 (− 0.0452) 
Germany 182 (− 0.0619) 17.2 (+ 0.0753) 
3.2.2 Link Length 
While the change regarding the node degree on <rst sight seemed rather small the results 
of the link lengths in modi<ed networks show more shi= in the entire data set (Table 3.11, 
Figure 3.8). As it could be expected, in all regions, the mean link length decreases consid-
erably, which means that longer links are a more common feature of major roads. 
As visualized in Figure 3.8, the intensity of the change increases for greater link lengths, 
since a greater reduction is noted for higher bars in the chart. Accordingly, a − 13.46 % 
decrease in Asia is in opposition to a decrease of only − 3.48 % in Latin America, while the 
other regions fall in between. However, it needs to be reemphasized, that the data from 
many Asian cities as well as some from Africa and Latin America, is not as accurate as that 
of the other regions. He overall results, however, are consistent for all regions. 
Figure 3.9 pictures the distributions of the link lengths for each region. Here, again, the 
shi= towards shorter link lengths can be seen in all graphs. It is visible, that the red lines, 
which represent the distribution in the modi<ed networks, are above the black lines (un-
modi<ed networks) for shorter link lengths, which means their share has increased in the 
modi<ed networks. In contrast, the share of longer link lengths has decreased in modi<ed 
networks, which can be seen, albeit di8cult, by the red lines running below the black ones. 
Figure 3.8: Mean link length for all regions in the unmodi8ed and modi8ed networks as well as the percentage change 
between each pair of values. 
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Again, the greatest reduction is perceivable in the Asian data set, while in contrast, it is 
only slight in Latin America (Figure 3.9 (d)), with the other regions falling in between, as 
also indicated by the numbers in Figure 3.8 and Table 3.11 above. 
In summary, the change in all data sets regarding the link lengths con<rms the assumption, 
that minor roads tend to have shorter links and major roads longer links (Section 2.2.2). 
Even though the changes, except for Asia, are only in the one-digit percentage, they are 
still highly relevant regarding the overall change of the network, as the reduction of the 
networks size overall was also considerably low (Table 3.8). 
Figure 3.9: Distributions of the link lengths and the respective mean link length (dashed lines) as well as the 0.05 and 0.95 
percentiles (do+ed lines) for the modi8ed networks (red) in comparison to the unmodi8ed networks (black). 
(a) (b) 
(c) (d) 
(e) (f) 
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3.2.3 Network EAiciency 
In this section, the results and changes regarding shortest path lengths and detour indices 
across all regions are presented. Hese results should give indications on how the e8ciency 
of the respective networks is dependent on major roads. 
Shortest Path Length 
For the shortest paths, mainly the cities without natural barriers are considered in the fol-
lowing discussion. Reason for that is that due to the modi<cation, in some of the cities with 
natural barriers, many of the connections that overcome the barriers are removed. Here-
fore, the changes of the measures cannot only be accounted to the removal of the major 
roads, but also to the entire loss of connections between city districts. His would lead to 
overemphasizing the e5ects on path lengths and detour index, which is why cities with 
natural barriers are le= out for the path lengths (Table 3.12). However, to prove this fact, 
for the detour index the results of cities with natural barriers are included (Table 3.14) and 
discussed shortly. 
As given in Section 3.1.3, the path lengths do not allow for a direct comparison between 
any two networks, much less between entire regions, because the path lengths highly de-
pend on the overall size of the network. Herefore, only cities of almost equal size are 
suitable for a straight comparison. However, it is possible to compare the results for each 
city and region before and a=er the modi<cation. Hence, Table 3.12 presents the mean 
weighted shortest path lengths (mın ^_ℎ4444444444444) and the respective mean standard deviation 
(7〈 〉\44444444444444) for both unmodi<ed and modi<ed networks, as described in Section 2.2.3. 
Remarkably, in Europe there is a decline of the mean path lengths of − 1 % (Table 3.12). His 
is likely caused by the artifact, that in unmodi<ed networks, path lengths between all nodes 
are measured, including nodes, that are part of major roads. As link lengths of major roads 
are by trend longer than those of minor roads (3.2.2), the weighted path lengths also tend 
to be greater. If these paths between major roads, which rather increase the average, are 
now removed, it is coherent, that the average decreases. Hence, in future research, the 
change of weighted path lengths from unmodi<ed to modi<ed networks would be be
er 
represented, if only paths between nodes of minor roads would be considered. 
Table 3.12: Mean weighted shortest Dijkstra path lengths  ^_ℎ4444444444444 for cities without natural barriers as well as the respec-
tive mean standard deviation 7〈l 〉\44444444444444 for both for unmodi8ed and modi8ed networks, with the change indicated in pa-
renthesis (percentiles). 
 mın ^_ℎ4444444444444 / m 7〈 〉\44444444444444 / [m] 
 Unmodi<ed Networks 
w/o B 
Modi<ed Networks 
w/o B 
Unmodi<ed Networks 
w/o B 
Modi<ed Networks 
w/o B 
Europe 12736 12613 (− 0.0097) 3445.3 3363.4 (− 0.0238) 
Anglo America 17325 17511 (+ 0.0108) 3159.5 3182.6 (+ 0.0073) 
Latin America 14045 14104 (+ 0.0042) 3664.6 3805.1 (+ 0.0383) 
Asia 36535 36843 (+ 0.0084) 22535.0 22283.8 (− 0.0111) 
Africa 15642 16264 (+ 0.0398) 6180.9 6159.6 (− 0.0035) 
Germany 13025 13147 (+ 0.0093) 3978.2 4032.2 (+ 0.0136) 
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Table 3.13: Mean unweighted shortest Dijkstra path lengths  ^_ℎ444444444444for cities without natural barriers and the respective 
mean standard deviation 7l 444444444444 for unmodi8ed and modi8ed networks with change indicated in parenthesis (percentiles). 
 mın ^_ℎ444444444444 7〈 〉4444444444444 
 Unmodi<ed Networks 
w/o B 
Modi<ed Networks 
w/o B 
Unmodi<ed Networks 
w/o B 
Modi<ed Networks 
w/o B 
Europe 40.4 50.6 (+ 0.2530) 10.32 12.04 (+ 0.1672) 
Anglo America 43.3 69.0 (+ 0.5929) 6.70 15.24 (+ 1.2761) 
Latin America 53.6 73.6 (+ 0.3720) 9.95 21.03 (+ 1.1144) 
Asia 43.8 55.2 (+ 0.2613) 5.96 11.74 (+ 0.9703) 
Africa 49.1 61.9 (+ 0.2616) 9.16 12.82 (+ 0.4002) 
Germany 38.7 44.5 (+ 0.1500) 13.76 13.03 (− 0.0529) 
Taking this artifact into account, it is likely, that the results of all other regions are also an 
underestimation of the actual change of the mean path lengths. He largest increase of the 
average shortest unweighted path length is recorded in Africa with just under + 4 %. Hat 
means, removing major roads here has the highest (negative) impact on the overall e8-
ciency in terms of average shortest path lengths of the network. Apart from Europe, the 
lowest change is observed in Latin America with + 0.4 % increase of the mean path lengths, 
which means the continent is not a5ected very much in terms of mean path lengths by 
removing major roads. 
He standard deviation reveals quite large di5erences between the cities (Table 3.12, last 
two columns). His is likely due to the fact, that shortest path lengths depend on the size 
of the network and the networks in each region are quite di5erent due to the various sizes 
of the cities (see number of links  and nodes  for each city in Appendix A). 
More distinct are the changes of the mean unweighted path lengths (Table 3.13), i.e. the 
number of links that have to be passed on the shortest path between two nodes. He highest 
increase is recorded in Anglo America with + 59.3 %. Hat means, on average 1.6 times more 
links and nodes have to be passed on a path between any two nodes in the network, when 
major roads are removed. In practice, a driver in the network would have to cross around 
+ 59.3 % more intersections, which likely means more stopping due to tra8c lights or yield 
signs and hence much less e8ciency of the network overall as well as a drastic increase of 
travel times. He least e5ect in this regard is observed in Germany, with an increase of 
comparably low + 15.0 %, which indicates that the e8ciency of German road networks is 
more balanced between minor and major roads, i.e. the e8ciency in terms of shortest paths 
does not depend as much on major roads 
He changes of the mean standard deviation suggest, that the cities within the regions are 
a5ected quite di5erent by the removal of major roads regarding the shortest paths, with 
the most variation in Anglo America (Table 3.13). Here, the standard deviation of the path 
lengths increased from 6.7 links in unmodi<ed networks to 15.24 links in modi<ed net-
works (+ 127.6 %). In contrast, the mean standard deviation in Germany is reduced at a rate 
of only − 5.3 %, i.e. regarding unweighted path lengths, the cities are a5ected in a similar 
manner by the removal of major roads. His indicates that German cities are, unlike the 
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other regions, quite similar in their structure in terms of shortest path length e8ciency. 
His may be due to the fact, that Germany is much smaller on scale than the continents in 
this examination. Also, cultural, climatic and historical inXuences on the development of 
the networks are likely more similar than in the widespread continents. However, this 
compliments the <ndings of Chan et al. (2011), who also found German cities to be quite 
similar in their geometric structure. 
Again, the results for all regions are likely underestimated due to the inclusion of paths 
between nodes of major roads as explained above. 
Detour Index 
He changes to the detour index due to the network modi<cation are quite diverse. To 
begin with, as expected, removing the major roads from the networks causes the detour 
index in all regions and all cities to decrease. However, the di5erences throughout the 
di5erent regions are vast. He total mean over all regions already indicates that the com-
parably small reduction of the network size (Table 3.8) evoke large mean decreases of 
− 12.5 % in Africa, − 11.8 % in Anglo America, − 10.6 % in Europe, − 9.4 % in Asia and − 7.1 % 
in Latin America (Table 3.14). Only German cities denote a mean change of comparably 
low − 1.2 %. 
When di5erentiating between cities with and without natural barriers, the changes can be 
put into perspective (Table 3.14, fourth and sixth column). Especially within Anglo Amer-
ica and Africa there seem to be some cities, that highly depend on a few connections that 
overcome natural barriers. His can be veri<ed by comparing the cities individually. As an 
extreme example holds New York City, USA: indeed, most bridges that connect the sepa-
rate urban districts are removed and cause the detour index to drop from 0.85 to 0.38. Hat 
means, losing these bridges causes a major loss in e8ciency for the network. Hat is com-
parable to Lagos, Nigeria, where the mean detour index falls from 0.78 to 0.31. Hese two 
cities are the mean inXuencing factors on the mean detour index in the respective regions. 
He la
er can also be proven with the enormous increase of the mean standard deviation 
in Anglo America of + 1113.33 % (over 11 times higher) and in Africa with + 918.18 %. But 
also in all other regions a multiplication by at least double the is registered. Considering 
this, the focus regarding the detour index needs to be on cities without natural barriers. 
Within these cities, the most signi<cant decrease can be noticed in Africa with − 11.1 % 
(Table 3.14, fourth column). Hat means that the cities there, compared to the other regions, 
on average rely the most major roads. He other regions follow with − 8.3 % (Asia), − 6.0 % 
(Latin America), − 2.4 % (Europe), − 2.3 % (Anglo America) and only − 1.2 % (Germany). A 
connection to, e.g., an overall economic development of the cities and regions can only be 
suspected in this case. 
Still, even within the cities without natural barriers, a comparably large increase in the 
mean standard deviation is observed (Table 3.14, column <ve). Again, this indicates that 
the changes to the detour index due to the removal of major roads has quite di5erent im-
pacts on the individual networks. 
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Table 3.14: Mean detour index, the respective mean standard deviation and the relative change of the modi8ed networks 
compared to the unmodi8ed networks (percentiles in parenthesis) for each region in the second and third column. *e last 
two columns show the mean detour index in modi8ed networks for cities without natural barriers (w/o B) and with (w/ B). 
Region =a444 7〈ef〉444444 =a444 w/o B 7〈ef〉444444 w/o B =a444 w/ B 7〈ef〉444444 w/ B 
Europe 0.76 (− 0.1059) 0.051 (+ 2.5500) 0.83 (− 0.0235) 0.034 (+ 2.7778) 0.71 (− 0.1548) 0.136 (+ 4.9130) 
Anglo America 0.75 (− 0.1176) 0.082 (+ 6.3077) 0.84 (− 0.0233) 0.022 (+ 0.6923) 0.62 (− 0.2706) 0.182 (+ 11.1333)
Latin America 0.79 (− 0.0706) 0.061 (+ 3.8125) 0.79 (− 0.0595) 0.065 (+ 2.8235) 0.76 (− 0.1059) 0.018 (+ 1.0000) 
Asia 0.77 (− 0.0941) 0.061 (+ 3.3888) 0.77 (− 0.0833) 0.032 (+ 2.5556) 0.76 (− 0.1059) 0.103 (+ 2.4333) 
Africa 0.70 (− 0.1250)  0.094 (+ 1.5405) 0.72 (− 0.1111) 0.106 (+ 1.7895) 0.56 (− 0.2911) 0.202 (+ 9.1818) 
Germany 0.83 (− 0.0119) 0.033 (+ 3.0000) 0.84 (− 0.0118) 0.012 (+ 0.3333) 0.81 (− 0.0357) 0.019 (+ 1.1111) 
For example, in Europe, where the mean decrease is only − 2.4 % for cities without natural 
barriers changes to the mean detour index are recorded ranging from 0.86 to 0.76 in Ma-
drid, Spain (− 11.6 %) to almost no change in Warsaw, Poland (− 0.1 %); there the change is 
only visible in the fourth digit. Accordingly, large di5erences are found within all regions: 
Anglo America (San Diego, USA: − 9.4 % vs. Chicago, USA: − 0.3 %), Latin America (Exate-
pec de Morelos, Mexico: − 58.2 % vs. Cali, Colombia: − 0.3 %), Africa (Addis Abeba, Ethiopia: 
− 18.6 % vs. Johannesburg, South Africa: − 0.1 %), Asia (Shenzhen, China: − 12.1 % vs. Lahore, 
Pakistan − 2.3 %). Only in Germany the di5erences are rather moderate (Wuppertal: − 3.6 % 
vs. Dortmund − 0.004 %), which is likely also constituted in the similarity of German cities 
regarding e8ciency in terms of shortest paths. He low decrease of the mean detour index 
in Germany again hints at the more balanced e8ciency between major and minor roads. 
Details for all individual cities can be found in Appendix A (unmodi<ed networks) and 
Appendix E (modi<ed networks). 
However, this again has to be put into perspective with the actual reduction of the network 
size due to the removal of major roads. Here, it shall also be referred to an example: in San 
Diego, where the highest decline of the detour index is recorded, the reduction of the net-
work size is also one of the highest (− 10.8 % for ). On the contrary, Chicago, is listed 
with the lowest reduction of the detour index, also only was reduced comparably li
le in 
size (− 2.8 % for ). His clearly shows the complexity and diversity of inXuences that have 
to be considered when interpreting such values as the decrease of the detour index. 
It can be put to record, that the change of the detour index in cities without natural bound-
aries, on average is comparably low in North America, Europe and Germany. Higher av-
erages are noted in Latin America, Asia and especially Africa. However, this has to be 
treaded carefully, as the di5erences within each region are considerably high. 
We <nd the above discussed di5erences between the regions reXected in Figure 3.10. He 
<rst diagram (a) shows the di5erences of the mean detour index in unmodi<ed and modi-
<ed cities. Diagram (b) and (c) prove, that the variability between unmodi<ed and modi<ed 
networks is mainly due to cities with natural boundaries, because the changes of the mean 
detour index in (c) are more signi<cant than in (b). In (b) it also becomes clear, that the 
reduction of the detour index is the lowest in Germany, Anglo America and Europe, fol-
lowed by increasing reductions in Latin America, Asia and Africa, ascending in that order. 
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(a) 
(b) 
(c) 
Figure 3.10: Relative change of the detour index from unmodi8ed networks to modi8ed networks in all cities (a), cities without 
natural boundaries (b) and cities with natural boundaries (c). 
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Table 3.15: Percentiles of all angles indicating rectangular pa+erns in modi8ed networks for all regions. A tolerance range of 
± 2° is added to the angles of 90° and 180°. 
Angles Europe Anglo America Latin America Asia Africa Germany 
90° ± 2° 0.180 (+ 0.0405) 0.406 (+ 0.0684) 0.307 (+ 0.0514) 0.231 (+ 0.0645) 0.279 (+ 0.0220) 0.139 (+ 0.0530) 
180° ± 2° 0.076 (+ 0.0000) 0.099 (+ 0.0102) 0.084 (− 0.0118) 0.095 (+ 0.0106) 0.096 (+ 0.0105) 0.074 (+ 0.0137) 
Total 0.256 (+ 0.0281) 0.505 (+ 0.0565) 0.391 (+ 0.0371) 0.326 (+ 0.0482) 0.375 (+ 0.0190) 0.213 (+ 0.0390) 
3.2.4 Rectangularity 
Lastly, the di5erences of the measures regarding the rectangularity in the networks due to 
the modi<cation are addressed. 
Link Angles 
Table 3.15 presents the share of angles that can be counted as being part of rectangular 
structures (90° ± 2°, 180° ± 2°). Compared to the unmodi<ed networks, both 90° and 180° 
angles see a rise in their share in all regions, except for the 180° angles in Latin America, 
where a decline of − 1.2 % is registered. In total, the percentages increase in all continents. 
Looking at each region individually, the highest raise of rectangular structures is observed 
in Anglo America with a total of + 5.7 %, i.e. considering the overall reduction of the net-
work of around − 7.8 % of the number of nodes (Table 3.8), this is quite a notable change. 
He lowest increase of recorded rectangular structures is registered in Africa with + 1.9 %. 
Rectangularity Parameters 
In Table 3.16, the values of ̅ show a distinct decline in all regions.  measures, how close 
an angle is to being rectangular, as explained in Section 2.2.5. A smaller value for the  of 
an angle means that it is closer to being part of rectangular structures, while an increase 
would mean to exact opposite. In conjunction with the link angles (Table 3.15), it can be 
concluded, that on average, the removal of major roads caused the networks to be more 
rectangular. His holds for all cities with overall only 7 exceptions in Europe (London 
± 0.006 % and Bucharest ± 0.001 %), Africa (Kinshasa ± 0.001 %, Luanda ± 0.001 % and Addis 
Abeba ± 0.004 %), Asia (Tokyo ± 0.004 %) and Latin America (São Paulo ± 0.001 %). Hese 
changes, as the numbers indicate, are almost negligible. For all other cities, an increase of 
the overall rectangularity is recorded, which shows that rectangularity is predominantly 
present in the structures of minor roads. 
Table 3.16: *e means of the rectangularity parameters  and  2,o  as well as the respective mean standard deviations 
over all cities in a region for modi8ed networks. 
Region ̅ 7〈x〉44444 cos 2,444444444444 7〈|}~ s\,〉4444444444444 
Europe 0.306 (− 0.0129) 0.0262 (+ 0.0522) 0.719 (− 0.0056) 0.0269 (+ 0.0467) 
Anglo America 0.210 (− 0.0455) 0.0400 (+ 0.0582) 0.809 (+ 0.0113) 0.0399 (+ 0.0500) 
Latin America 0.234 (− 0.0331) 0.0510 (+ 0.0451) 0.793 (+ 0.0102) 0.0557 (+ 0.0430) 
Asia 0.268 (− 0.0146) 0.0292 (+ 0.0034) 0.758 (+ 0.0093) 0.0301 (+ 0.0067) 
Africa 0.244 (− 0.0081) 0.0436 (− 0.0909) 0.782 (+ 0.0026) 0.0474 (− 0.0010) 
Germany 0.331 (− 0.0178) 0.0290 (+ 0.0211) 0.693 (+ 0.0102) 0.0315 (+ 0.0317) 
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However, as in most regions the mean standard deviation increases, the impact on the 
rectangularity of individual cities is seemingly quite varying. Again, change of the rectan-
gularity is also highly dependent on the reduction of the overall network size, which di5ers 
from city to city. 
He graphs of the distribution of  in Figure 3.11 con<rm the observations from Table 3.15 
and Table 3.16. Even though, the shi= is only small, the tendency towards more rectangular 
(a) (b) 
(c) (d) 
(e) (f) 
Figure 3.11: Histograms of the rectangularity parameter  and the respective mean (dashed lines) in the modi8ed networks 
(red lines) compared to the unmodi8ed networks (black lines) for all regions. 
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structures becomes visible. Again, the most noticeable change is found in Anglo America 
(b), while in Africa is hardly recognizable (e).  
As indicated in Table 3.16, the mean of the rectangularity parameter cos 2 behaves just 
oppositional to . Once more, the highest change is registered in Anglo America (+ 1.1 %) 
and the lowest in Africa (+ 0.002 %). Overall, the measurements of cos 2 con<rm the re-
sults that were presented in this chapter and to not bring up any new <ndings. 
 
He results from this Chapter have given a detailed insight on the network properties in 
di5erent regions. While partially distinct features regarding link lengths and rectangular-
ity could be identi<ed, some presumed connections could not be measured or were dis-
proven; for instance, there seem to be no trivial relation between the construction of link 
lengths and the detour index within a city. Also, a connection between node degree and 
rectangularity could not be veri<ed with su8cient signi<cance. 
It has been shown, that the node degree is highest on both American continents, while it 
is the lowest in Germany. However, the link lengths showed results, that were entirely 
independent of the node degree and therefore no connection could be made between these 
two measures. Remarkably was the <nding, that the network e8ciency measured by the 
mean detour index was quite homogenous over all regions. A=er modifying the networks, 
is was shown, that in some networks (Africa, Asia, Latin America) the detour index was 
reduced more than in others (Germany, Europe, Anglo America), which in indicated more 
balance between major and minor roads in terms of e8ciency in the la
er networks, or in 
other words, regions which saw a bigger decline of the detour index depend more on major 
roads in terms of e8ciency. He rectangularity in all regions was mainly a
ributed to the 
structures of minor roads a=er the modi<cation.  
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Chapter 4 Conclusion and Outlook 
In the course of this analysis, measures for quantifying general as well as spatial features 
of complex networks were presented. It has been detailed, which preprocessing procedures 
were necessary to <lter the required data from <les of OpenStreetMap extracts. 
Node degree, link length, shortest path length, detour index and measures of the rectan-
gularity were chosen in order to quantify properties of the networks and to compare the 
networks among each other, which was the aim of this study.  
In order to allow the analysis of the e8ciency of the networks, three possible options to 
modify the networks have been taken into consideration. Firstly, the two major road types 
were removed, secondly the three major road types, and thirdly only the two major road 
types were kept while all others were removed. He la
er two were proven not to suit the 
purposes of measuring the introduced network measures su8ciently. 
He results, which were presented and discussed a=erwards, showed that the prepro-
cessing of the data enabled detection of expected pa
ers within the street networks, e.g. 
the predominant rectangularity in Anglo American cities. However, it was possible to dis-
prove some presumptions regarding the connection between some of the measures, for 
example between node degree and rectangularity. 
A=er modifying the networks, it has been proven that removing major roads has more 
negative impact regarding the e8ciency of networks with a greater share of rectangular 
structures. In conjunction with this, it was revealed that rectangularity occurs predomi-
nantly within the minor roads and hence it could be concluded, that the homogenous net-
work e8ciency in the unmodi<ed networks was mainly bases on the existence of major 
roads for networks with primarily rectangular structures. Also, it was shown that the mod-
i<cations had severe impact on cities with natural barriers, namely the drastic decrease of 
the detour index due to the loss of connections between city districts. His led to a di5er-
entiated consideration of the e8ciency measures. 
However, during the process of studying the networks, it became clear that regarding 
many points, more detailed analysis is necessary in future research. 
For example, in order to improve the accuracy of the applied measures, it will be necessary 
to <nd algorithms that <lters dead ends at the border of the map while keeping the node 
degree of the intersection, from which a dead end has been removed. At the same time 
dead ends in the center of the city should be kept for be
er representation of node degree 
and rectangularity measures, though in terms of e8ciency, dead ends are not relevant in 
the center either. 
Also, the merging of multi-node intersections to a single-node intersection requires for 
further investigation. He <xed search radius of 25 m in the framework of this study should 
be diversi<ed for certain clusters of roads, where a common search radius is suitable. 
Maybe it is even arguable, that a radius has to be de<ned individually for each city. It is 
also conceivable, to introduce entirely di5erent approaches to solve the issue. 
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Simultaneously, the cu
ing of the road networks at the outer city limits could be recon-
sidered for a be
er representation of the actual city areas. In the framework of this study, 
a rectangular bounding was chosen for each city extract. Instead, with meta information 
contained in the OSM data, the exact boundaries of a city could be reproduced for cu
ing 
the maps. His would also allow a classi<cation in terms of the actual urban area. 
Furthermore, the correlation between the decrease of network size a=er modi<cation and 
the change of single network measures turned out be of importance. Due to the huge 
amount of data, this could not be studied thoroughly within the framework of this thesis. 
Each city demands for individual consideration and with results from that, it may be pos-
sible to <nd correlations between smaller clusters of cities, in contrast to the classi<cation 
into continents. 
He results suggest, that clustering into geographical regions is not the key to identifying 
common structures within certain clusters of cities. Only few measures are very distinct 
of certain continents (e.g. link length distribution of Anglo America), but a more di5eren-
tiated clustering seems reasonable. Perhaps, a thorough study of cultural, historical or cli-
matic similarities and di5erences could hint at correlations between certain cities. 
Another interesting approach could be the analysis of data sets of smaller cities within the 
regions. Compared to large major cities, they might be subject to rather random emergence 
and growth regarding the urban road network structures. 
 
 
References 
51 
References 
Albert, Jeong, and Barabasi (2000), ‘Error and a
ack tolerance of complex networks’, Na-
ture, 406/6794: 378–382. 
Albert, R., Albert, I., and Nakarado, G. L. (2004), ‘Structural vulnerability of the North 
American power grid’, Phys. Rev. E, 69/2: 25103. 
Arianos, S., Bompard, E., Carbone, A. et al. (2009), ‘Power grid vulnerability: A complex 
network approach’, Chaos: An Interdisciplinary Journal of Nonlinear Science, 19/1: 13119. 
Barabási, A.-L., and Albert, R. (1999), ‘Emergence of Scaling in Random Networks’, Science, 
286/5439: 509–512. 
Barthelemy, M. (2015), ‘From paths to blocks. New measures for street pa
erns’, Environ-
ment and Planning B: Planning and Design, 2015. 
Barthélemy, M. (2011), ‘Spatial networks’, Physics Reports, 499/1–3: 1–101. 
Biggs, N. L., Lloyd, E. K., and Wilson, R. J. (1998), Graph theory: 1736 - 1936 (Reissue, reprint. 
with corr, Oxford: Clarendon Press). 
Boccale
i, S., Latora, V., Moreno, Y. et al. (2006), ‘Complex networks. Structure and dy-
namics’, Physics Reports, 424/4-5: 175–308. 
Boss, M., Elsinger, H., Summer, M. et al. (2004), ‘Network topology of the interbank mar-
ket’, Qantitative Finance, 4/6: 677–684. 
Buhl, J., Gautrais, J., Reeves, N. et al. (2006), ‘Topological pa
erns in street networks of 
self-organized urban se
lements’, Eur. Phys. J. B, 49/4: 513–522 <h
p://link.springer.com
/content/pdf/10.1140/epjb/e2006-00085-1.pdf>. 
Cayley, A. (1857), ‘On the theory of the analytical forms calledtrees’, *e London, Edin-
burgh, and Dublin Philosophical Magazine and Journal of Science, 13/85: 172–176, accessed 
9 May 2016. 
Chan, S. H. Y., Donner, R. V., and Lämmer, S. (2011), ‘Urban road networks — spatial net-
works with universal geometric features?’, Eur. Phys. J. B, 84/4: 563–577, accessed 14 Apr 
2016. 
Cohen, J. E., Briand, F., and Newman, C. M. (1990), Community Food Webs: Data and *eory 
(Biomathematics, 20, Berlin, Heidelberg: Springer Berlin Heidelberg). 
Deutsch, A., Ganguly, N., and Mukherjee, A. (2008), Dynamics On and Of Complex Net-
works: Applications to Biology, Computer Science, Economics, and the Social Sciences 
(MSSET - Modeling and Simulation in Science, Engineering & Technology; 1. Ed., Cam-
bridge, MA: Birkhäuser Boston). 
Dijkstra, E. W. (1959), ‘A note on two problems in connexion with graphs’, Numer. Math., 
1/1: 269–271 <h
p://link.springer.com/content/pdf/10.1007/BF01386390.pdf>. 
References 
52 
Doyle, J. C., Alderson, D. L., Li, L. et al. (2005), ‘He “robust yet fragile” nature of the Inter-
net’, PNAS, 102/41: 14497–14502 <h
p://www.pnas.org/content/102/41/14497.full>. 
Dunne, J. A., Williams, R. J., and Martinez, N. D. (2002), ‘Network structure and biodiversity 
loss in food webs. Robustness increases with connectance’, Ecol Le+ers, 5/4: 558–567. 
Erdős, and Rényi, A. (1959), ‘On random graphs’, Publicationes Mathematicae Debrecen, 6: 
290–297. 
Erdős, P., and Rényi, A. (1964), ‘On the strength of connectedness of a random graph’, Acta 
Mathematica Academiae Scientiarum Hungaricae, 12/1-2: 261–267. 
Eurostat (2016), ‘Population on 1 January by age groups and sex - cities and greater cities’ 
<h
p://appsso.eurostat.ec.europa.eu/nui/show.do>, accessed 9 Feb 2016. 
Gudmundsson, A., and Mohajeri, N. (2013), ‘Entropy and order in urban street networks’, 
Scienti8c reports, 3: 3324. 
Haklay, M. (2010), ‘How Good is Volunteered Geographical Information? A Comparative 
Study of OpenStreetMap and Ordnance Survey Datasets’, Environ Plann B Plann Des, 
37/4: 682–703. 
Haklay, M., and Weber, P. (2008), ‘OpenStreetMap. User-Generated Street Maps’, IEEE Per-
vasive Comput., 7/4: 12–18. 
Huang, W.-Q., Zhuang, X.-T., and Yao, S. (2009), ‘A network analysis of the Chinese stock 
market’, Physica A: Statistical Mechanics and its Applications, 388/14: 2956–2964. 
International Monetary Fund (2015), ‘World Economic Outlook Database October 2015’ 
<h
p://www.imf.org/external/pubs/=/weo/2015/02/weodata/index.aspx>, updated 6 Oct 
2015, accessed 20 Apr 2016. 
International Telecommunication Union (2014), ‘ICT Facts and Figures’, 2014, accessed 18 
Feb 2016. 
Louf, R., and Barthelemy, M. (2014), ‘A typology of street pa
erns’, Journal of the Royal 
Society, Interface / the Royal Society, 11/101: 20140924. 
Mapzen (2016), ‘Metro Extracts’ <h
ps://mapzen.com/data/metro-extracts/>, updated 9 
Feb 2016, accessed 11 Feb 2016. 
Mooney, P., Corcoran, P., and Winstanley, A. C. (2010), ‘Towards quality metrics for Open-
StreetMap’, in D. Agrawal (ed.), Proceedings of the 18th SIGSPATIAL International Confer-
ence on Advances in Geographic Information Systems (New York, NY: ACM), 514–7. 
Moritz, H. (1980), ‘Geodetic reference system 1980’, Bull. Geodesique, 54/3: 395–405 <h
p://
link.springer.com/content/pdf/10.1007/BF02521480.pdf>. 
Newman, M. E. (2001), ‘Scienti<c collaboration networks. II. Shortest paths, weighted net-
works, and centrality’, Physical review. E, Statistical, nonlinear, and so> ma+er physics, 
64/1 Pt 2: 16132. 
References 
53 
Newman, M. E. J. (2003), ‘He Structure and Function of Complex Networks’, SIAM Rev., 
45/2: 167–256. 
OpenStreetMap contributors, ‘OpenStreetMap. Copyright and License’ <h
p://www.open-
streetmap.org/copyright/en>, accessed 6 Apr 2016. 
OpenStreetMap Foundation (2016a), ‘Elements – OpenStreetMap Wiki’ <h
p://wiki.open-
streetmap.org/wiki/Elements>, updated 1 Apr 2016, accessed 6 Apr 2016. 
—— (2016b), ‘Key: highway – OpenStreetMap Wiki’ <h
p://wiki.openstreetmap.org/wiki/
Key:highway>, updated 1 Apr 2016, accessed 7 Apr 2016. 
Palásti, I. (1971), ‘On Hamilton-cycles of random graphs’, Period Math Hung, 1/2: 107–112. 
Reichardt, J. (2009), Structure in complex networks (He lecture notes in physics, 766, Berlin: 
Springer). 
Rodrigue, J.-P., Comtois, C., and Slack, B. (2013), *e geography of transport systems ([Hird 
edition], Abingdon, Oxon: Routledge). 
Statistics Canada (2012), ‘He Canadian population in 2011, population counts and growth. 
Population and dwelling counts, 2011 Census’, accessed 9 Feb 2016. 
Statistisches Bundesamt (2015), ‘Zahlen und Fakten - Länder & Regionen - Städte (Alle 
Gemeinden mit Stadtrecht) nach Fläche, Bevölkerung und Bevölkerungsdichte am 
31.12.2014’ <h
ps://www.destatis.de/DE/ZahlenFakten/LaenderRegionen/Regionales/
Gemeindeverzeichnis/Administrativ/Aktuell/05Staedte.html>, accessed 9 Feb 2016. 
Stepanov, V. E. (1969), ‘Combinatorial Algebra and Random Graphs’, *eory Probab. Appl., 
14/3: 373–399. 
Strano, E., Nicosia, V., Latora, V. et al. (2012), ‘Elementary processes governing the evolu-
tion of road networks’, Scienti8c reports, 2: 296. 
Strano, E., Shai, S., Dobson, S. et al. (2015), ‘Multiplex networks in metropolitan areas: ge-
neric features and local e5ects’, Journal of the Royal Society, Interface / the Royal Society, 
12/111: 20150651. 
Strano, E., Viana, M., da Fontoura Costa, L. et al. (2013), ‘Urban Street Networks, a Com-
parative Analysis of Ten European Cities’, Environ Plann B Plann Des, 40/6: 1071–1086. 
Strogatz, S. H. (2001), ‘Exploring complex networks’, Nature, 410/6825: 268–276. 
United States Census Bureau (2014), ‘Population Estimates’ <h
p://www.census.gov/
popest/data/cities/totals/2014/index.html>, accessed 9 Feb 2016. 
Viana, M. P., Strano, E., Bordin, P. et al. (2013), ‘He simplicity of planar networks’, Scien-
ti8c reports, 3: 3495. 
Wa
s, D. J., and Strogatz, S. H. (1998), ‘Collective dynamics of 'small-world' networks’, 
Nature, 393/6684: 440–442. 
References 
54 
Wiedermann, M. (2012), ‘Urban road networks - American vs. European cities’, Project 
Report (Hong Kong, He Chinese University of Hong Kong). 
Wikipedia (2016a), ‘List of Latin American cities by population’ <h
ps://en.wikipedia.org
/w/index.php?oldid=717118393>, accessed 9 Feb 2016. 
—— (2016b), ‘Liste der größten Städte Afrikas’ <h
ps://de.wikipedia.org/w/index.php?ol-
did=152588150>, accessed 9 Feb 2016. 
—— (2016c), ‘List of cities proper by population’ <h
ps://en.wikipedia.org/w/in-
dex.php?oldid=718032837>, updated 9 Feb 2016, accessed 9 Feb 2016. 
World Wide Web Consortium (2008), ‘Extensible Markup Language (XML) 1.0 (Fi=h Edi-
tion)’ <h
ps://www.w3.org/TR/xml/>, updated 28 May 2013, accessed 8 May 2016. 
Xie, F., and Levinson, D. (2009), ‘Topological evolution of surface transportation networks’, 
Computers, Environment and Urban Systems, 33/3: 211–223. 
Zhao, P., Jia, T., Qin, K. et al. (2015), ‘Statistical analysis on the evolution of OpenStreetMap 
road networks in Beijing’, Physica A: Statistical Mechanics and its Applications, 420: 59–
72. 
Zielstra, D., and Zipf, A. (2010), ‘A Comparative Study of Proprietary Geodata and Volun-
teered Geographic Information for Germany’, 13th AGILE International Conference on 
Geographic Information Science 2010, 2010. 
 
 
Appendix 
55 
Appendix A Detailed Results of Unmodified Networks 
Appendix A.1 Europe 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Istanbul Turkey 226774 188859 3.53 0.155 90 30.6839 0.81 0.030 
Moscow Russia 134240 126058 3.33 0.052 258 66.7653 0.85 0.008 
London England 345879 316330 3.23 0.144 142 21.644 0.87 0.023 
Saint Petersburg Russia 74790 68976 3.40 0.024 270 78.8854 0.83 0.012 
Berlin Germany 182069 163759 3.33 0.045 194 3.60967 0.86 0.014 
Madrid Spain 185330 162395 3.46 0.081 140 19.708 0.86 0.012 
Rome Italy 128651 115909 3.38 0.005 143 22.0523 0.84 0.001 
Kyiv Ukraine 81007 74643 3.28 0.100 240 48.8756 0.81 0.033 
Paris France 74150 64728 3.50 0.126 126 5.53505 0.90 0.053 
Minsk Belarus 36484 33709 3.33 0.043 254 63.0523 0.83 0.013 
Bucharest Romania 67701 58405 3.33 0.051 136 15.8193 0.85 0.006 
Vienna Austria 79847 71762 3.38 0.006 153 32.4202 0.85 0.005 
Hamburg Germany 108732 100553 3.28 0.099 207 16.503 0.84 0.005 
Budapest Hungary 120094 105714 3.37 0.012 162 28.8515 0.82 0.025 
Warsaw Poland 75370 69832 3.36 0.013 203 12.0319 0.85 0.002 
Barcelona Spain 64573 57053 3.54 0.161 127 6.08497 0.87 0.028 
Kharkiv Ukraine 38142 33905 3.31 0.072 201 9.8425 0.80 0.043 
Munich Germany 113971 105377 3.32 0.059 165 25.3639 0.85 0.008 
Milan Italy 111821 101560 3.43 0.050 144 23.82 0.87 0.022 
Prague Czech Rep. 128792 118406 3.30 0.082 172 18.799 0.82 0.021 
Weighted Means    3.38 0.085 156 24.5648 0.85 0.020 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Istanbul Turkey 13180 44.9 0.340 0.0299 0.687 0.0282 
Moscow Russia 17018 34.5 0.333 0.0232 0.688 0.0271 
London England 16462 70.2 0.318 0.0082 0.709 0.0055 
Saint Petersburg Russia 12506 30.7 0.287 0.0231 0.736 0.0207 
Berlin Germany 20109 63.2 0.294 0.0156 0.731 0.0161 
Madrid Spain 12248 28.5 0.302 0.0075 0.721 0.0060 
Rome Italy 10056 47.0 0.344 0.0338 0.677 0.0374 
Kyiv Ukraine 20736 33.8 0.309 0.0013 0.710 0.0045 
Paris France 7178 34.1 0.332 0.0223 0.692 0.0232 
Minsk Belarus 10507 26.2 0.319 0.0086 0.703 0.0123 
Bucharest Romania 9239 42.9 0.285 0.0253 0.739 0.0246 
Vienna Austria 9591 37.6 0.261 0.0491 0.769 0.0539 
Hamburg Germany 12816 35.3 0.352 0.0422 0.670 0.0453 
Budapest Hungary 15052 41.0 0.248 0.0620 0.778 0.0634 
Warsaw Poland 10423 28.7 0.283 0.0273 0.744 0.0286 
Barcelona Spain 7426 30.0 0.280 0.0296 0.746 0.0313 
Kharkiv Ukraine 11878 30.3 0.275 0.0348 0.750 0.0353 
Munich Germany 11207 36.9 0.287 0.0226 0.744 0.0294 
Milan Italy 8230 36.0 0.319 0.0087 0.701 0.0135 
Prague Czech Rep. 14707 33.0 0.348 0.0377 0.671 0.0435 
Weighted Means    0.310 0.0249 0.715 0.0257 
  
Appendix 
56 
Appendix A.2 Anglo America 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
New York City USA 101231 57411 3.53 0.125 142 34.9 0.85 0.002 
Los Angeles USA 70968 41345 3.43 0.032 181 4.9 0.87 0.014 
Toronto Canada 31907 19436 3.28 0.118 197 20.7 0.85 0.001 
Chicago USA 59124 33163 3.57 0.165 158 18.3 0.87 0.013 
Houston USA 63792 37708 3.38 0.018 191 14.4 0.87 0.018 
Montreal Canada 42586 25479 3.34 0.058 173 3.8 0.83 0.028 
Philadelphia USA 54454 31428 3.47 0.064 133 43.1 0.86 0.007 
Phoenix USA 56131 34621 3.24 0.159 197 20.4 0.84 0.010 
San Antonio USA 38402 22988 3.34 0.060 198 21.3 0.86 0.011 
San Diego USA 20732 12268 3.38 0.021 196 19.2 0.83 0.022 
Dallas USA 42363 25052 3.38 0.019 190 13.8 0.88 0.023 
Calgary Canada 19706 11654 3.38 0.019 203 26.2 0.83 0.027 
San Jose USA 16550 9914 3.34 0.062 183 6.9 0.85 0.002 
O
awa Canada 13243 7984 3.32 0.084 178 1.8 0.83 0.028 
Austin USA 13794 8346 3.31 0.096 181 4.6 0.85 0.001 
Edmonton Canada 17600 10330 3.41 0.006 217 41.0 0.83 0.024 
Jacksonville USA 19258 11526 3.34 0.059 194 17.2 0.82 0.034 
San Francisco USA 11695 6468 3.62 0.215 138 37.9 0.84 0.013 
Indianapolis USA 25519 15311 3.33 0.068 213 36.9 0.86 0.007 
Columbus USA 21455 12939 3.32 0.085 202 25.5 0.84 0.018 
Weighted Means    3.40 0.080 177 20.8 0.85 0.013 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
New York City USA 22273 83.3 0.198 0.0222 0.826 0.0256 
Los Angeles USA 22424 56.6 0.197 0.0232 0.822 0.0223 
Toronto Canada 17390 43.6 0.259 0.0387 0.763 0.0367 
Chicago USA 18705 65.4 0.106 0.1137 0.907 0.1069 
Houston USA 20412 41.2 0.197 0.0231 0.827 0.0269 
Montreal Canada 18317 44.9 0.247 0.0272 0.777 0.0225 
Philadelphia USA 14010 43.6 0.195 0.0246 0.825 0.0248 
Phoenix USA 23944 46.0 0.242 0.0223 0.776 0.0237 
San Antonio USA 16610 43.4 0.245 0.0251 0.774 0.0262 
San Diego USA 14081 36.0 0.267 0.0471 0.750 0.0501 
Dallas USA 16807 41.7 0.243 0.0230 0.782 0.0178 
Calgary Canada 14325 35.3 0.328 0.1081 0.684 0.1155 
San Jose USA 10538 36.4 0.280 0.0600 0.743 0.0568 
O
awa Canada 11329 33.7 0.299 0.0790 0.721 0.0790 
Austin USA 9876 30.8 0.268 0.0486 0.753 0.0464 
Edmonton Canada 13029 39.5 0.310 0.0906 0.700 0.0998 
Jacksonville USA 14265 44.3 0.244 0.0245 0.774 0.0255 
San Francisco USA 6358 23.1 0.171 0.0484 0.842 0.0422 
Indianapolis USA 15000 39.6 0.234 0.0137 0.781 0.0193 
Columbus USA 13993 26.4 0.229 0.0086 0.792 0.0075 
Weighted Means    0.220 0.0378 0.800 0.0380 
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Appendix A.3 Latin America  
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
São Paulo Brazil 104972 61853 3.39 0.065 118 3.6 0.86 0.015 
Mexico City Mexico 97965 54992 3.56 0.104 114 0.4 0.87 0.023 
Lima Peru 8623 4941 3.49 0.031 101 14.2 0.85 0.001 
Bogotá Colombia 61914 35714 3.47 0.008 94 21.2 0.85 0.004 
Rio de Janeiro Brazil 74163 44472 3.34 0.124 131 16.4 0.82 0.025 
Santiago Chile 86318 50252 3.44 0.024 103 12.1 0.86 0.017 
Caracas Venezuela 7490 4422 3.39 0.072 187 72.5 0.84 0.005 
Buenos Aires Argentina 40296 21787 3.70 0.240 114 0.8 0.86 0.015 
Salvador Bolivia 16159 9923 3.26 0.202 135 20.5 0.80 0.047 
Brasília Bolivia 6093 3746 3.25 0.206 157 41.7 0.80 0.047 
Fortaleza Brazil 44133 25110 3.52 0.056 110 4.9 0.85 0.000 
Guayaquil Ecuador 35038 19538 3.59 0.127 90 25.0 0.84 0.009 
Lito Ecuador 35266 20942 3.37 0.091 138 23.4 0.82 0.023 
Belo Horizonte Bolivia 45138 26273 3.44 0.023 123 7.8 0.84 0.005 
Medellín Colombia 15276 8789 3.48 0.017 102 13.0 0.84 0.000 
Cali Colombia 24037 13522 3.56 0.096 90 24.7 0.84 0.008 
Havana Cuba 18493 10320 3.58 0.125 112 3.0 0.84 0.004 
Manaus Brazil 25039 14878 3.37 0.093 116 0.7 0.81 0.036 
Curitiba Bolivia 36707 21189 3.46 0.005 130 15.4 0.86 0.015 
Exatepec de More-
los 
Mexico 23298 13567 3.43 0.025 115 0.4 0.80 0.043 
Weighted Means    3.46 0.078 115 11.1 0.85 0.016 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
São Paulo Brazil 17018 72.6 0.318 0.0761 0.701 0.0843 
Mexico City Mexico 15505 60.5 0.234 0.0074 0.793 0.0083 
Lima Peru 4640 23.1 0.207 0.0351 0.825 0.0398 
Bogotá Colombia 12643 67.5 0.225 0.0170 0.806 0.0212 
Rio de Janeiro Brazil 25478 54.6 0.279 0.0369 0.745 0.0405 
Santiago Chile 14568 64.4 0.176 0.0658 0.858 0.0726 
Caracas Venezuela 8812 24.6 0.348 0.1063 0.671 0.1140 
Buenos Aires Argentina 10594 36.1 0.152 0.0894 0.879 0.0944 
Salvador Bolivia 12310 47.3 0.388 0.1466 0.628 0.1573 
Brasília Bolivia 7950 35.7 0.336 0.0940 0.683 0.1022 
Fortaleza Brazil 11492 48.0 0.185 0.0567 0.846 0.0609 
Guayaquil Ecuador 10991 53.8 0.189 0.0532 0.849 0.0637 
Lito Ecuador 18345 49.2 0.270 0.0279 0.758 0.0270 
Belo Horizonte Bolivia 12498 71.3 0.322 0.0799 0.695 0.0901 
Medellín Colombia 6368 31.7 0.283 0.0410 0.744 0.0410 
Cali Colombia 6209 37.5 0.191 0.0504 0.841 0.0559 
Havana Cuba 8458 47.8 0.212 0.0294 0.815 0.0296 
Manaus Brazil 10422 42.3 0.233 0.0084 0.795 0.0095 
Curitiba Bolivia 12760 49.8 0.223 0.0189 0.800 0.0151 
Exatepec de More-
los 
Mexico 10112 41.5 0.186 0.0558 0.844 0.0586 
Weighted Means    0.242 0.0488 0.785 0.0534 
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Appendix A.4 Asia 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Shanghai China 41766 24281 3.44 0.074 482 221.0 0.84 0.006 
Beijing China 37459 22168 3.38 0.013 443 182.3 0.87 0.023 
Delhi India 78357 47754 3.28 0.085 181 79.6 0.84 0.003 
Karachi Pakistan 31480 18749 3.36 0.008 158 102.9 0.83 0.020 
Tokyo Japan 79761 44131 3.61 0.248 78 182.5 0.89 0.042 
Mumbai India 15064 9107 3.31 0.058 164 96.9 0.84 0.010 
Shenzhen China 24653 14507 3.40 0.032 296 35.1 0.85 0.010 
Jakarta Indonesia 54183 33240 3.26 0.106 129 131.1 0.82 0.024 
Seoul South Korea 67415 38801 3.47 0.109 112 148.7 0.87 0.025 
Guangzhou China 18078 10775 3.36 0.011 434 173.1 0.84 0.005 
Lahore Pakistan 28786 17422 3.30 0.062 151 109.7 0.83 0.015 
Bengaluru India 71747 43298 3.31 0.052 128 132.9 0.84 0.001 
Bangkok Hailand 87550 54256 3.23 0.139 448 187.4 0.85 0.001 
Ho Chi Minh City Vietnam 29534 17915 3.30 0.069 196 64.4 0.77 0.073 
Dongguan China 4496 2653 3.39 0.023 443 182.2 0.85 0.010 
Chongqing China 13634 8336 3.27 0.095 1268 1007.9 0.83 0.017 
Nanjing China 15950 9462 3.37 0.005 673 412.6 0.85 0.002 
Tehran Iran 52057 30284 3.44 0.072 142 118.3 0.86 0.017 
Shenyang China 4721 2690 3.51 0.144 410 149.8 0.85 0.009 
Ningbo China 17782 10294 3.45 0.088 545 284.9 0.77 0.072 
Weighted Means    3.37 0.093 261 163.7 0.85 0.018 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Shanghai China 46785 39.6 0.262 0.0128 0.771 0.0198 
Beijing China 36588 35.6 0.276 0.0016 0.751 0.0005 
Delhi India 34424 44.1 0.238 0.0366 0.782 0.0313 
Karachi Pakistan 14435 36.9 0.204 0.0709 0.822 0.0712 
Tokyo Japan 9826 28.5 0.283 0.0086 0.749 0.0020 
Mumbai India 15786 30.6 0.318 0.0433 0.707 0.0442 
Shenzhen China 27639 40.5 0.325 0.0507 0.695 0.0557 
Jakarta Indonesia 16620 39.5 0.244 0.0307 0.784 0.0327 
Seoul South Korea 14986 52.7 0.293 0.0182 0.730 0.0209 
Guangzhou China 35639 31.2 0.350 0.0757 0.670 0.0810 
Lahore Pakistan 13292 36.9 0.219 0.0552 0.804 0.0531 
Bengaluru India 15990 47.0 0.258 0.0161 0.774 0.0234 
Bangkok Hailand 93007 55.9 0.305 0.0306 0.718 0.0333 
Ho Chi Minh City Vietnam 21109 50.4 0.257 0.0178 0.766 0.0150 
Dongguan China 18498 22.7 0.342 0.0674 0.679 0.0720 
Chongqing China 148107 53.8 0.388 0.1135 0.626 0.1251 
Nanjing China 49985 36.6 0.322 0.0475 0.702 0.0493 
Tehran Iran 13755 37.2 0.262 0.0126 0.763 0.0118 
Shenyang China 11261 19.0 0.263 0.0116 0.758 0.0066 
Ningbo China 64723 36.4 0.317 0.0424 0.708 0.0429 
Weighted Means    0.274 0.0291 0.751 0.0299 
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Appendix A.5 Africa 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Lagos Nigeria 21616 13555 3.19 0.165 193 58.0 0.78 0.026 
Kinshasa Congo D.R. 29995 17277 3.47 0.118 116 19.2 0.65 0.157 
Cairo Egypt 9646 5523 3.49 0.139 108 27.0 0.82 0.011 
Luanda Angola 24770 14783 3.35 0.003 148 12.6 0.84 0.026 
Khartoum Sudan 57626 33081 3.48 0.130 87 48.7 0.79 0.016 
Abidjan Ivory Coast 20007 12066 3.32 0.038 123 12.6 0.78 0.025 
Johannesburg South Africa 12778 7433 3.44 0.084 175 39.4 0.84 0.027 
Dar es Salaam Tanzania 10269 6384 3.22 0.137 198 62.4 0.66 0.150 
Alexandria Egypt 9758 5553 3.51 0.160 118 17.7 0.87 0.058 
Cape Town South Africa 55550 34092 3.26 0.095 155 20.1 0.83 0.020 
Casablanca Morocco 19957 11567 3.45 0.097 120 15.2 0.87 0.061 
Dakar Senegal 41768 24172 3.46 0.102 74 61.2 0.85 0.039 
Durban South Africa 5770 3454 3.34 0.013 175 39.3 0.80 0.007 
Kano Nigeria 11953 7139 3.35 0.005 131 4.2 0.84 0.029 
Addis Ababa Ethiopia 35147 21156 3.32 0.031 100 35.3 0.84 0.032 
Ekurhuleni South Africa 50848 31193 3.26 0.094 189 53.6 0.83 0.019 
Nairobi Kenya 9167 5747 3.19 0.164 255 119.8 0.81 0.003 
Giza Egypt 2669 1560 3.42 0.068 142 6.6 0.80 0.008 
Ibadan Nigeria 7411 4673 3.17 0.182 186 50.8 0.83 0.019 
Algiers Algeria 3089 1838 3.36 0.007 121 14.7 0.81 0.001 
Weighted Means    3.35 0.094 135 37.6 0.81 0.037 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Lagos Nigeria 19695 49.3 0.297 0.0511 0.728 0.0520 
Kinshasa Congo D.R. 12143 72.1 0.209 0.0370 0.829 0.0492 
Cairo Egypt 5329 26.7 0.244 0.0019 0.786 0.0061 
Luanda Angola 12020 51.1 0.235 0.0116 0.795 0.0152 
Khartoum Sudan 13663 59.5 0.119 0.1269 0.918 0.1374 
Abidjan Ivory Coast 12630 38.8 0.202 0.0443 0.816 0.0356 
Johannesburg South Africa 9196 30.8 0.241 0.0050 0.779 0.0016 
Dar es Salaam Tanzania 12262 33.0 0.312 0.0663 0.713 0.0676 
Alexandria Egypt 7061 32.2 0.258 0.0120 0.771 0.0093 
Cape Town South Africa 25498 50.1 0.271 0.0247 0.747 0.0330 
Casablanca Morocco 8591 25.0 0.291 0.0446 0.735 0.0449 
Dakar Senegal 11192 56.1 0.249 0.0029 0.780 0.0003 
Durban South Africa 7209 18.6 0.333 0.0867 0.685 0.0954 
Kano Nigeria 8670 37.0 0.261 0.0144 0.770 0.0103 
Addis Ababa Ethiopia 11391 46.2 0.277 0.0307 0.750 0.0301 
Ekurhuleni South Africa 27483 51.5 0.278 0.0320 0.741 0.0392 
Nairobi Kenya 16340 46.9 0.319 0.0726 0.700 0.0799 
Giza Egypt 3567 16.0 0.267 0.0210 0.764 0.0162 
Ibadan Nigeria 8556 22.5 0.362 0.1155 0.660 0.1204 
Algiers Algeria 3811 21.1 0.389 0.1428 0.626 0.1541 
Weighted Means    0.246 0.0440 0.780 0.0479 
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Appendix A.6 Germany 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Berlin Germany 34166 20506 3.33 0.040 194 0.4 0.86 0.017 
Hamburg Germany 13462 8213 3.28 0.014 207 13.3 0.84 0.002 
Munich Germany 17060 10281 3.32 0.026 165 28.6 0.85 0.011 
Cologne Germany 8868 5325 3.33 0.038 171 23.2 0.85 0.006 
Frankfurt Germany 13012 7854 3.31 0.021 175 19.6 0.83 0.013 
Stu
gart Germany 9626 5836 3.30 0.006 169 25.3 0.81 0.030 
Düsseldorf Germany 7712 4658 3.31 0.019 201 7.3 0.84 0.007 
Dortmund Germany 9604 5964 3.22 0.072 215 21.1 0.85 0.004 
Essen Germany 9455 5724 3.30 0.011 181 13.5 0.85 0.005 
Bremen Germany 5785 3524 3.28 0.009 229 34.9 0.84 0.001 
Leipzig Germany 7807 4718 3.31 0.017 198 3.6 0.85 0.007 
Dresden Germany 8318 5053 3.29 0.000 209 14.5 0.84 0.001 
Hanover Germany 7330 4486 3.27 0.025 193 1.5 0.84 0.002 
Nuremberg Germany 7748 4731 3.28 0.017 186 8.0 0.84 0.000 
Duisburg Germany 7986 4898 3.26 0.032 190 4.3 0.82 0.020 
Bochum Germany 1588 963 3.30 0.005 186 8.3 0.83 0.010 
Wuppertal Germany 6172 3806 3.24 0.049 203 9.2 0.83 0.011 
Bielefeld Germany 5439 3408 3.19 0.101 248 54.0 0.85 0.004 
Bonn Germany 4077 2493 3.27 0.022 181 13.0 0.80 0.045 
Münster Germany 4184 2601 3.22 0.075 276 81.7 0.84 0.000 
Weighted Means    3.29 0.030 194 15.8 0.84 0.011 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Berlin Germany 20109 63.2 0.294 0.0422 0.731 0.0453 
Hamburg Germany 12816 35.3 0.352 0.0156 0.670 0.0161 
Munich Germany 11207 36.9 0.287 0.0493 0.744 0.0586 
Cologne Germany 8293 26.8 0.349 0.0126 0.673 0.0122 
Frankfurt Germany 12093 43.2 0.330 0.0065 0.693 0.0073 
Stu
gart Germany 11017 28.1 0.346 0.0095 0.675 0.0103 
Düsseldorf Germany 10146 31.3 0.379 0.0423 0.640 0.0457 
Dortmund Germany 11689 31.8 0.375 0.0386 0.643 0.0423 
Essen Germany 9204 27.7 0.375 0.0381 0.645 0.0406 
Bremen Germany 10192 19.9 0.337 0.0009 0.685 0.0007 
Leipzig Germany 8997 24.3 0.305 0.0316 0.717 0.0316 
Dresden Germany 11147 29.2 0.351 0.0146 0.668 0.0173 
Hanover Germany 8802 24.3 0.327 0.0097 0.680 0.0052 
Nuremberg Germany 11107 28.8 0.362 0.0251 0.661 0.0246 
Duisburg Germany 10897 27.7 0.338 0.0009 0.686 0.0000 
Bochum Germany 3765 13.4 0.393 0.0565 0.624 0.0617 
Wuppertal Germany 10298 27.8 0.403 0.0665 0.613 0.0728 
Bielefeld Germany 10163 30.2 0.366 0.0291 0.656 0.0297 
Bonn Germany 7047 21.7 0.353 0.0161 0.670 0.0153 
Münster Germany 9598 22.1 0.375 0.0386 0.644 0.0415 
Weighted Means    0.337 0.0284 0.686 0.0305 
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Appendix B Corrupted Networks due to Merging of Inter-
sections with Radius 50 m 
 
 
  
(e) (f) 
(c) (d) 
(a) (b) 
On the le> (a, c, e) are the networks, that show how the search radius of 50 m caused the merging of entire urban quarters, 
instead of only intersections. On the right, their counterpart with search radius 25 m is presented. In 8gure (a) the two most 
noticeable corruptions are at (8.48, 12.05) and (8.47, 11.97). In (c) at (− 79.91, − 2.09) and (− 79.94, − 2.13). In (e) at (− 47.94, 
− 15.79) and (− 48.85, − 15.80). Given are pairs of (Longitude, Latitude) respectively. 
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Appendix C Modification 2 
 
 
  
(e) (f) 
(c) (d) 
(a) (b) 
Six Examples of cities that are split a>er Modi8cation 2 (removal of three major road types): Kyiv, Ukraine (a), Jacksonville, 
USA (b), Brasilia, Brazil (c), Nanjing, China (d), Cairo, Egypt (e) and Bonn, Germany (f). 
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Appendix D Spatial Distributions of Network Measures 
Appendix D.1 Node Degree 
 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
3.23 3.54 
 
3.24 3.62 
 
3.25 3.70 
 
3.23 3.61 
 
3.17 3.51 
 
3.19 3.33 
 
Geographical distribution of the mean node degree for each city in all examined regions: Europe (a), Anglo America (b), Latin 
America (c), Asia (d), Africa (e) and Germany (f). 
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Appendix D.2 Link Length 
 
 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
90 m 270 m 
 
133 m 217 m 
 
90 m 187 m 
 
78 m 1268 m 
 
74 m 255 m 
 
165 m 276 m 
 
Geographical distribution of the mean link length for each city in all examined regions: Europe (a), Anglo America (b), Latin 
America (c), Asia (d), Africa (e) and Germany (f). 
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Appendix D.3 Detour Index 
 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
0.80 0.90 
 
0.82 0.88 
 
0.80 0.87 
 
0.77 0.89 
 
0.65 0.87 
 
0.80 0.86 
 
Geographical distribution of the mean detour index for each city in all examined regions: Europe (a), Anglo America (b), 
Latin America (c), Asia (d), Africa (e) and Germany (f). 
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Appendix D.4 Rectangularity 
 
 
  
(a) (b) 
(c) (d) 
(e) (f) 
0.248 0.352 
 
0.106 0.328 
 
0.125 0.388 
 
0.204 0.388 
 
0.19 0.389 
 
0.287 0.403 
 
Geographical distribution of the mean of the rectangularity parameter  for each city in all examined regions: Europe (a), 
Anglo America (b), Latin America (c), Asia (d), Africa (e) and Germany (f). 
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Appendix E Detailed results of modified networks 
Appendix E.1 Europe 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Istanbul Turkey 69715 39468 3.53 0.159 85 62.6 0.51 0.252 
Moscow Russia 14643 8771 3.34 0.035 251 103.8 0.81 0.051 
London England 49437 30835 3.21 0.167 141 6.2 0.80 0.034 
Saint Petersburg Russia 7820 4588 3.41 0.035 257 109.9 0.83 0.068 
Berlin Germany 33240 19977 3.33 0.046 187 39.7 0.86 0.093 
Madrid Spain 34659 19992 3.47 0.093 118 29.8 0.76 0.003 
Rome Italy 19643 11614 3.38 0.009 132 15.4 0.84 0.074 
Kyiv Ukraine 12692 11026 3.26 0.110 237 89.1 0.55 0.208 
Paris France 17088 9790 3.49 0.117 121 26.1 0.90 0.135 
Minsk Belarus 4356 2621 3.32 0.050 242 94.6 0.80 0.035 
Bucharest Romania 19155 11526 3.32 0.050 135 12.9 0.85 0.085 
Vienna Austria 15571 9208 3.38 0.008 144 3.4 0.84 0.076 
Hamburg Germany 12777 7814 3.27 0.104 198 50.3 0.82 0.053 
Budapest Hungary 29504 17524 3.37 0.007 154 6.8 0.82 0.052 
Warsaw Poland 9979 5934 3.36 0.011 195 47.8 0.85 0.084 
Barcelona Spain 13176 7460 3.53 0.158 117 30.4 0.86 0.096 
Kharkiv Ukraine 8922 5398 3.31 0.068 192 44.9 0.77 0.004 
Munich Germany 16050 9699 3.31 0.064 155 7.6 0.84 0.081 
Milan Italy 14119 8234 3.43 0.055 136 11.6 0.87 0.102 
Prague Czech Rep. 18547 11274 3.29 0.084 160 12.6 0.81 0.044 
Weighted Means    3.37 0.089 147 34.8 0.76 0.097 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Istanbul Turkey 8896 38.6 0.338 0.0322 0.689 0.0306 
Moscow Russia 15603 33.0 0.322 0.0162 0.701 0.0183 
London England 18361 84.7 0.320 0.0143 0.707 0.0125 
Saint Petersburg Russia 12200 25.5 0.281 0.0249 0.742 0.0228 
Berlin Germany 20164 66.4 0.292 0.0139 0.733 0.0142 
Madrid Spain 12365 51.5 0.292 0.0136 0.732 0.0125 
Rome Italy 9865 76.6 0.339 0.0333 0.683 0.0366 
Kyiv Ukraine 22173 47.9 0.302 0.0038 0.718 0.0017 
Paris France 7150 42.2 0.332 0.0264 0.691 0.0279 
Minsk Belarus 10401 28.9 0.299 0.0071 0.725 0.0054 
Bucharest Romania 9132 42.7 0.285 0.0209 0.739 0.0199 
Vienna Austria 9754 40.2 0.256 0.0500 0.774 0.0551 
Hamburg Germany 13440 36.7 0.347 0.0410 0.676 0.0437 
Budapest Hungary 15069 42.8 0.244 0.0619 0.783 0.0635 
Warsaw Poland 10388 32.1 0.282 0.0238 0.744 0.0248 
Barcelona Spain 7535 44.0 0.277 0.0292 0.750 0.0304 
Kharkiv Ukraine 11631 30.8 0.269 0.0369 0.757 0.0381 
Munich Germany 11226 45.1 0.280 0.0256 0.752 0.0331 
Milan Italy 8046 36.0 0.313 0.0072 0.707 0.0119 
Prague Czech Rep. 15091 45.0 0.342 0.0362 0.678 0.0414 
Weighted Means    0.306 0.0262 0.719 0.0269 
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Appendix E.2 Anglo America 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
New York City USA 92054 52326 3.52 0.119 131 34.4 0.38 0.367 
Los Angeles USA 61825 35920 3.44 0.043 171 5.2 0.86 0.111 
Toronto Canada 29946 18251 3.28 0.118 182 17.1 0.85 0.100 
Chicago USA 57572 32241 3.57 0.172 152 13.1 0.86 0.117 
Houston USA 57452 33902 3.39 0.010 175 9.3 0.86 0.109 
Montreal Canada 40103 24026 3.34 0.061 160 5.2 0.78 0.034 
Philadelphia USA 50752 29352 3.46 0.058 128 37.8 0.58 0.165 
Phoenix USA 54127 33452 3.24 0.164 188 22.3 0.82 0.069 
San Antonio USA 35499 21219 3.35 0.054 184 18.8 0.86 0.109 
San Diego USA 18524 10941 3.39 0.014 176 10.5 0.75 0.007 
Dallas USA 39150 23141 3.38 0.016 177 11.8 0.86 0.114 
Calgary Canada 17602 10409 3.38 0.018 188 23.1 0.78 0.035 
San Jose USA 14336 8667 3.31 0.091 172 6.7 0.83 0.081 
O
awa Canada 12352 7473 3.31 0.094 171 5.9 0.80 0.057 
Austin USA 12573 7605 3.31 0.093 165 0.4 0.84 0.095 
Edmonton Canada 15868 9310 3.41 0.009 203 37.1 0.79 0.044 
Jacksonville USA 16714 10075 3.32 0.082 175 9.3 0.45 0.298 
San Francisco USA 11260 6239 3.61 0.210 133 32.8 0.82 0.074 
Indianapolis USA 24077 14473 3.33 0.073 202 36.2 0.86 0.110 
Columbus USA 19889 12001 3.31 0.085 182 16.8 0.82 0.078 
Weighted Means    3.40 0.082 165 18.8 0.75 0.135 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
New York City USA 20111 204.4 0.179 0.0305 0.843 0.0335 
Los Angeles USA 21817 73.2 0.183 0.0268 0.835 0.0259 
Toronto Canada 17400 60.5 0.252 0.0423 0.769 0.0400 
Chicago USA 18778 96.0 0.101 0.1089 0.911 0.1021 
Houston USA 20305 88.7 0.190 0.0198 0.832 0.0230 
Montreal Canada 19218 86.0 0.240 0.0299 0.785 0.0243 
Philadelphia USA 11941 57.6 0.186 0.0243 0.834 0.0250 
Phoenix USA 24470 65.8 0.239 0.0293 0.779 0.0304 
San Antonio USA 16389 68.4 0.243 0.0329 0.774 0.0351 
San Diego USA 14740 41.5 0.253 0.0437 0.762 0.0467 
Dallas USA 17017 78.8 0.239 0.0291 0.785 0.0245 
Calgary Canada 15260 48.9 0.318 0.1085 0.694 0.1156 
San Jose USA 10800 50.9 0.260 0.0503 0.764 0.0454 
O
awa Canada 11857 38.6 0.292 0.0822 0.728 0.0814 
Austin USA 9784 51.6 0.265 0.0555 0.755 0.0542 
Edmonton Canada 13656 48.3 0.299 0.0892 0.711 0.0978 
Jacksonville USA 11291 56.5 0.226 0.0164 0.792 0.0173 
San Francisco USA 6239 36.2 0.164 0.0454 0.849 0.0394 
Indianapolis USA 14951 55.9 0.222 0.0118 0.793 0.0165 
Columbus USA 14141 43.3 0.217 0.0067 0.804 0.0050 
Weighted Means    0.210 0.0400 0.809 0.0399 
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Appendix E.3 Latin America 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
São Paulo Brazil 94100 55774 3.37 0.082 114 3.8 0.77 0.016 
Mexico City Mexico 91991 51824 3.55 0.094 111 0.0 0.84 0.053 
Lima Peru 8452 4855 3.48 0.026 99 11.3 0.84 0.049 
Bogotá Colombia 59296 34253 3.46 0.006 92 19.0 0.83 0.045 
Rio de Janeiro Brazil 70816 42519 3.33 0.125 125 14.9 0.71 0.077 
Santiago Chile 84951 49481 3.43 0.022 99 11.7 0.86 0.071 
Caracas Venezuela 6526 3869 3.37 0.082 169 58.5 0.81 0.023 
Buenos Aires Argentina 39547 21381 3.70 0.243 110 0.1 0.86 0.070 
Salvador Bolivia 15234 9350 3.26 0.197 127 16.9 0.72 0.071 
Brasília Bolivia 4647 2856 3.25 0.202 150 39.1 0.50 0.293 
Fortaleza Brazil 43589 24808 3.51 0.058 109 1.2 0.83 0.047 
Guayaquil Ecuador 33715 18778 3.59 0.135 85 25.2 0.72 0.064 
Lito Ecuador 33536 19933 3.36 0.091 130 19.1 0.77 0.014 
Belo Horizonte Bolivia 42752 24853 3.44 0.016 119 8.7 0.77 0.022 
Medellín Colombia 14557 8360 3.48 0.027 97 13.1 0.84 0.047 
Cali Colombia 24016 13508 3.56 0.100 90 20.7 0.84 0.050 
Havana Cuba 18073 10076 3.59 0.131 108 2.5 0.83 0.046 
Manaus Brazil 24953 14826 3.37 0.090 115 4.4 0.80 0.015 
Curitiba Bolivia 35242 20328 3.47 0.011 126 15.7 0.83 0.045 
Exatepec de More-
los 
Mexico 21853 12732 3.43 0.023 108 2.3 0.34 0.452 
Weighted Means    3.46 0.079 111 10.2 0.79 0.061 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
São Paulo Brazil 17929 97.4 0.318 0.0843 0.699 0.0938 
Mexico City Mexico 16095 87.1 0.198 0.0361 0.832 0.0389 
Lima Peru 4697 23.5 0.204 0.0298 0.827 0.0340 
Bogotá Colombia 12890 70.9 0.224 0.0097 0.806 0.0133 
Rio de Janeiro Brazil 25464 125.5 0.276 0.0418 0.747 0.0456 
Santiago Chile 14590 82.8 0.174 0.0603 0.860 0.0667 
Caracas Venezuela 8927 38.7 0.340 0.1055 0.680 0.1134 
Buenos Aires Argentina 10608 61.9 0.150 0.0844 0.882 0.0889 
Salvador Bolivia 12105 54.8 0.386 0.1519 0.631 0.1623 
Brasília Bolivia 6810 33.6 0.335 0.1013 0.683 0.1100 
Fortaleza Brazil 11534 49.1 0.185 0.0494 0.846 0.0533 
Guayaquil Ecuador 10508 57.2 0.185 0.0489 0.852 0.0593 
Lito Ecuador 18783 57.9 0.263 0.0294 0.765 0.0282 
Belo Horizonte Bolivia 13165 94.9 0.318 0.0842 0.699 0.0946 
Medellín Colombia 6448 41.0 0.277 0.0435 0.750 0.0432 
Cali Colombia 6205 38.0 0.191 0.0428 0.841 0.0482 
Havana Cuba 8517 49.8 0.207 0.0267 0.820 0.0271 
Manaus Brazil 10296 42.2 0.233 0.0008 0.795 0.0016 
Curitiba Bolivia 13281 60.0 0.220 0.0142 0.803 0.0099 
Exatepec de More-
los 
Mexico 6661 56.3 0.182 0.0523 0.848 0.0545 
Weighted Means    0.234 0.0510 0.793 0.0557 
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Appendix E.4 Asia 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Shanghai China 36734 21362 3.44 0.082 438 212.5 0.76 0.011 
Beijing China 30920 18347 3.37 0.013 418 192.5 0.85 0.079 
Delhi India 75657 46186 3.28 0.081 167 58.4 0.78 0.016 
Karachi Pakistan 30314 18083 3.35 0.004 143 81.6 0.74 0.031 
Tokyo Japan 75037 41885 3.58 0.226 74 151.1 0.87 0.099 
Mumbai India 13690 8354 3.28 0.080 155 69.6 0.81 0.037 
Shenzhen China 19063 11226 3.40 0.039 277 51.6 0.75 0.017 
Jakarta Indonesia 51459 31637 3.25 0.104 118 106.7 0.73 0.040 
Seoul South Korea 65311 37564 3.48 0.120 103 121.9 0.87 0.097 
Guangzhou China 13560 8160 3.32 0.034 363 138.4 0.55 0.223 
Lahore Pakistan 28152 17056 3.30 0.056 145 80.5 0.81 0.043 
Bengaluru India 69187 41804 3.31 0.047 118 107.0 0.80 0.035 
Bangkok Hailand 76614 47672 3.21 0.143 429 204.2 0.75 0.021 
Ho Chi Minh City Vietnam 27068 16529 3.28 0.082 185 39.9 0.66 0.110 
Dongguan China 3855 2274 3.39 0.033 428 202.9 0.84 0.071 
Chongqing China 8513 5225 3.26 0.099 803 578.1 0.53 0.242 
Nanjing China 12590 7542 3.34 0.018 632 407.5 0.51 0.263 
Tehran Iran 46141 26846 3.44 0.080 129 96.2 0.73 0.036 
Shenyang China 3854 2206 3.49 0.137 368 142.6 0.83 0.066 
Ningbo China 15693 9101 3.45 0.092 491 265.7 0.58 0.185 
Weighted Means    3.36 0.094 225 136.0 0.77 0.061 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Shanghai China 44763 73.9 0.250 0.0175 0.784 0.0257 
Beijing China 37286 43.8 0.262 0.0055 0.764 0.0062 
Delhi India 34422 45.4 0.235 0.0328 0.785 0.0273 
Karachi Pakistan 14879 46.2 0.201 0.0670 0.825 0.0669 
Tokyo Japan 10081 65.3 0.284 0.0166 0.747 0.0108 
Mumbai India 16237 49.4 0.318 0.0500 0.706 0.0516 
Shenzhen China 30248 8.6 0.314 0.0460 0.707 0.0515 
Jakarta Indonesia 17928 66.2 0.242 0.0256 0.785 0.0273 
Seoul South Korea 14981 72.6 0.289 0.0216 0.734 0.0243 
Guangzhou China 37830 44.6 0.343 0.0754 0.677 0.0812 
Lahore Pakistan 13325 41.9 0.216 0.0513 0.807 0.0492 
Bengaluru India 16626 70.6 0.257 0.0108 0.776 0.0180 
Bangkok Hailand 94898 62.3 0.304 0.0364 0.718 0.0398 
Ho Chi Minh City Vietnam 22054 58.9 0.252 0.0160 0.771 0.0126 
Dongguan China 19197 21.0 0.332 0.0645 0.689 0.0688 
Chongqing China 125701 22.8 0.358 0.0908 0.658 0.1000 
Nanjing China 44257 38.0 0.313 0.0455 0.711 0.0475 
Tehran Iran 15492 60.2 0.248 0.0195 0.777 0.0194 
Shenyang China 10361 17.2 0.243 0.0248 0.778 0.0200 
Ningbo China 73863 48.4 0.308 0.0407 0.718 0.0403 
Weighted Means    0.268 0.0292 0.758 0.0301 
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Appendix E.5 Africa 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Lagos Nigeria 19774 12476 3.17 0.177 187 57.2 0.31 0.386 
Kinshasa Congo D.R. 29484 16987 3.47 0.124 114 15.3 0.40 0.296 
Cairo Egypt 8771 5035 3.48 0.137 100 29.0 0.74 0.040 
Luanda Angola 24295 14499 3.35 0.004 146 16.7 0.78 0.080 
Khartoum Sudan 55192 31825 3.47 0.121 84 45.0 0.52 0.177 
Abidjan Ivory Coast 19694 11886 3.31 0.033 120 9.3 0.73 0.035 
Johannesburg South Africa 12292 7152 3.44 0.090 166 36.8 0.84 0.137 
Dar es Salaam Tanzania 9982 6205 3.22 0.130 187 57.2 0.62 0.077 
Alexandria Egypt 9001 5105 3.53 0.179 100 29.7 0.85 0.152 
Cape Town South Africa 54555 33519 3.26 0.092 148 18.1 0.81 0.109 
Casablanca Morocco 18332 10693 3.43 0.082 109 20.7 0.79 0.092 
Dakar Senegal 41450 24004 3.45 0.107 72 57.5 0.83 0.136 
Durban South Africa 5475 3287 3.33 0.016 163 34.1 0.79 0.094 
Kano Nigeria 11368 6821 3.33 0.014 126 3.6 0.72 0.018 
Addis Ababa Ethiopia 32566 19661 3.31 0.034 96 33.3 0.69 0.014 
Ekurhuleni South Africa 49666 30492 3.26 0.089 180 50.7 0.82 0.121 
Nairobi Kenya 8391 5281 3.18 0.169 244 114.4 0.76 0.059 
Giza Egypt 2186 1283 3.41 0.061 131 1.3 0.67 0.025 
Ibadan Nigeria 6816 4328 3.15 0.197 182 52.5 0.75 0.053 
Algiers Algeria 2709 1621 3.34 0.005 111 18.0 0.80 0.096 
Weighted Means    3.35 0.094 129 35.9 0.70 0.129 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Lagos Nigeria 15717 43.4 0.293 0.0494 0.732 0.0498 
Kinshasa Congo D.R. 14281 90.0 0.209 0.0347 0.829 0.0468 
Cairo Egypt 5236 30.0 0.240 0.0036 0.790 0.0079 
Luanda Angola 13415 76.1 0.235 0.0093 0.795 0.0130 
Khartoum Sudan 12695 77.9 0.119 0.1251 0.917 0.1350 
Abidjan Ivory Coast 13943 47.3 0.198 0.0460 0.820 0.0377 
Johannesburg South Africa 9137 35.7 0.235 0.0092 0.785 0.0030 
Dar es Salaam Tanzania 11505 33.0 0.311 0.0672 0.714 0.0682 
Alexandria Egypt 6716 46.4 0.257 0.0128 0.772 0.0102 
Cape Town South Africa 25920 54.9 0.269 0.0247 0.749 0.0329 
Casablanca Morocco 9212 51.7 0.290 0.0456 0.736 0.0461 
Dakar Senegal 11387 69.4 0.248 0.0040 0.781 0.0012 
Durban South Africa 7300 25.2 0.330 0.0856 0.688 0.0942 
Kano Nigeria 9521 52.5 0.260 0.0164 0.770 0.0125 
Addis Ababa Ethiopia 13838 64.5 0.278 0.0339 0.748 0.0340 
Ekurhuleni South Africa 27835 55.6 0.275 0.0310 0.744 0.0380 
Nairobi Kenya 17321 55.3 0.314 0.0699 0.705 0.0769 
Giza Egypt 4543 16.5 0.258 0.0139 0.773 0.0091 
Ibadan Nigeria 9699 27.3 0.361 0.1173 0.660 0.1223 
Algiers Algeria 3749 22.0 0.381 0.1372 0.634 0.1481 
Weighted Means    0.244 0.0436 0.782 0.0474 
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Appendix E.6 Germany 
City Country   〈/〉 7〈86〉 〈J〉/[m] 7〈〉/[m] 〈=a〉 7〈ef〉 
Berlin Germany 173076 155164 3.33 0.044 187 5.2 0.86 0.025 
Hamburg Germany 102800 95008 3.27 0.014 198 15.8 0.82 0.014 
Munich Germany 105807 97620 3.31 0.025 155 26.9 0.84 0.014 
Cologne Germany 61062 56325 3.33 0.043 158 23.6 0.84 0.013 
Frankfurt Germany 93588 86512 3.31 0.024 154 28.0 0.79 0.039 
Stu
gart Germany 80729 75643 3.29 0.005 155 26.9 0.80 0.027 
Düsseldorf Germany 77887 73269 3.30 0.018 182 0.2 0.79 0.043 
Dortmund Germany 98201 93416 3.21 0.076 199 16.9 0.84 0.012 
Essen Germany 86708 81324 3.29 0.010 173 9.0 0.84 0.014 
Bremen Germany 59794 56446 3.27 0.018 213 31.1 0.82 0.008 
Leipzig Germany 53000 48815 3.30 0.020 186 3.9 0.85 0.019 
Dresden Germany 76228 71897 3.29 0.005 199 17.5 0.84 0.011 
Hanover Germany 46206 42658 3.25 0.029 173 9.1 0.83 0.002 
Nuremberg Germany 62173 58079 3.27 0.017 169 13.0 0.84 0.011 
Duisburg Germany 53457 49437 3.24 0.042 176 6.3 0.81 0.023 
Bochum Germany 16561 15538 3.27 0.019 173 8.9 0.83 0.004 
Wuppertal Germany 74419 71386 3.22 0.059 189 6.9 0.80 0.028 
Bielefeld Germany 54597 51819 3.18 0.103 239 56.7 0.84 0.012 
Bonn Germany 38478 36193 3.26 0.024 171 11.2 0.77 0.057 
Münster Germany 41183 39031 3.21 0.075 268 85.7 0.84 0.010 
Weighted Means    3.28 0.033 182 17.2 0.83 0.020 
 
City Country 〈min ^_ℎ〉/[m] 〈min ^_ℎ〉 〈〉 7〈x〉 〈cos 2〉 7〈|}~ s〉 
Berlin Germany 20164 66.4 0.292 0.0389 0.733 0.0408 
Hamburg Germany 13440 36.7 0.347 0.0159 0.676 0.0171 
Munich Germany 11226 45.1 0.280 0.0507 0.752 0.0596 
Cologne Germany 8296 28.5 0.341 0.0101 0.683 0.0095 
Frankfurt Germany 12933 59.0 0.319 0.0119 0.705 0.0127 
Stu
gart Germany 11031 30.1 0.342 0.0112 0.680 0.0128 
Düsseldorf Germany 11228 45.2 0.372 0.0412 0.648 0.0447 
Dortmund Germany 11825 46.1 0.370 0.0395 0.649 0.0438 
Essen Germany 9229 31.7 0.374 0.0429 0.646 0.0468 
Bremen Germany 10582 29.6 0.331 0.0003 0.692 0.0008 
Leipzig Germany 8869 27.4 0.300 0.0310 0.723 0.0302 
Dresden Germany 11010 30.9 0.348 0.0173 0.672 0.0211 
Hanover Germany 8699 32.4 0.318 0.0128 0.706 0.0134 
Nuremberg Germany 11079 36.7 0.356 0.0255 0.667 0.0252 
Duisburg Germany 11228 38.9 0.329 0.0023 0.696 0.0031 
Bochum Germany 3681 13.6 0.383 0.0517 0.637 0.0556 
Wuppertal Germany 10994 40.3 0.399 0.0681 0.618 0.0751 
Bielefeld Germany 10158 30.4 0.363 0.0318 0.660 0.0331 
Bonn Germany 7526 28.9 0.345 0.0138 0.680 0.0130 
Münster Germany 9669 23.0 0.372 0.0412 0.648 0.0448 
Weighted Means    0.331 0.0290 0.693 0.0315 
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